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 While transition metal complexes are known to participate in multi-electron redox 
chemistry to facilitate important organometallic transformations, actinides, due to their 
low redox potentials, have a propensity to perform single electron chemistry. Because of 
its highly reducing nature, the ability to control the electronics of low-valent uranium is 
highly sought after as this may lead to unprecedented reactivity. Our lab has specifically 
been interested in mediating multi-electron transformations at uranium by employing 
redox-active ligands. Redox-active ligands can be used to facilitate multi-electron 
processes such as oxidative addition and reductive elimination at single metal centers.  
Using primarily 2,6-((Mes)N=CMe)2C5H3N) (MesPDIMe) as a redox-active ligand, highly 
reduced uranium species bearing bulky cyclopentadienyl-based ancillary ligands, CpxU 
(MesPDIMe)(L) (x = P (1-(7,7-dimethylbenzyl)), * (1,2,3,4,5-pentamethyl); L = THF, 
HMPA), have been synthesized. These species have the ability to perform one, two, and 
four electron reduction of a variety of substrates. For examples, uranium mediated 
pinacol coupling of carbonylated substrates as well as oxidative addition toward two (X2, 
PhE-EPh, PhE-X) and four electron (Ar-N=N-Ar’, oxygen-atom transfer reagents) 
xv 
 
organic oxidants have been studied. with both radical and concerted addition pathways 
operable. Synthesis of a trans-dioxo species, Cp*UO2(MesPDIMe), has allowed for the 
study of the activation of the robust U=O double bonds—providing key insights into the 
necessary components for U=O bond scission. The lessons learned from the reductive 
silylation of this complex redox-active ligand species has allowed for application of these 





CHAPTER 1. SYNTHESIS AND CHARACTERIZATION OF A FAMILY OF 
REDUCED PYRIDINE(DIIMINE) URANIUM COMPLEXES: REACTIVITY 




 A family of cyclopentadienyl uranium complexes supported by the redox-active 
pyridine(diimine) ligand, MesPDIMe (MesPDIMe = 2,6-((Mes)N=CMe)2-C5H3N), has been 
synthesized.  Using either Cp* or CpP (Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl, 
CpP = 1-(7,7-dimethylbenzyl)cyclopentadienyl), uranium complexes of the type 
CpXUI2(MesPDIMe) (2-CpX; X = * or P), CpXUI(MesPDIMe) (3-CpX), and 
Cp*U(MesPDIMe)(THF) (1-Cp*) or [CpPU(MesPDIMe)]2 (1-CpP) were isolated and 
characterized. The series was generated via ligand centered reduction events, thus the 
extent of MesPDIMe reduction varies in each case, but the uranium(IV) oxidation state is 
maintained. Treating 3-CpX, which has a doubly reduced MesPDIMe, with furfural results 
in radical coupling between the substrate and MesPDIMe, leading to C-C bond formation to 
form CpXUI(MesPDIMe-CHOC4H3O) (4-CpX). Exposure of 1-Cp* and 1-CpP, which 
contain a triply reduced MesPDIMe ligand, to benzaldehyde and benzophenone, 
respectively, results in the corresponding pinacolate complexes 
Cp*U(O2C2Ph2H2)(MesPDIMe) (5-Cp*) and CpPU(O2C2Ph4)(MesPDIMe) (5-CpP). The 
reducing equivalents required for this coupling are derived solely from the redox-active 
ligand, rather than the uranium center.  In the presence of common two electron oxidants 
(I2, PhICl2, PhSeCl, PhSSPh, PhSeSePh, PhTeTePh) , 1-CpP effectively performs 
oxidative addition of the substrate through a radical pathway to afford complexes of type 
CpPU(X)(X’)(MesPDIMe) (X / X’ = I, Cl, SPh, SePh, TePh) (complexes 2-CpP and 6). In 
the two electron oxidative addition, both reducing electrons are provided by the trianionic 
pyridine(diimine) with maintenance of the uranium(IV) oxidation state. Exposure of 
2 
 
either 1-CpP or 1-Cp* toward ortho-substituted arylazides affords the uranium(IV) 
mono(imido) complexes CpPU(NDIPP)(MesPDIMe) (7-CpP) and Cp*U(NDIPP)(MesPDIMe) 
(7-Cp*) by two electron reduction of the arylazide. Complexes 1-7 have been 
characterized by 1H NMR and electronic absorption spectroscopies, and SQUID 
magnetometry was employed to confirm the mono(anionic) [MesPDIMe]1- ligand in 2-CpP 




 Among the first organouranium complexes reported were those bearing 
cyclopentadienyl ligands, including Cp3U,1,2 Cp3UCl,1 and Cp4U.3 Since that time, the 
field of organoactinide chemistry has been dominated by variations of these frameworks, 
with a particular emphasis on the bulky permethylated derivative, 1,2,3,4,5-
pentamethylcyclopentadienide (Cp*).4-12 The bis(Cp*) metallocene framework supports 
uranium compounds in varying oxidation states,13-17 and provides steric protection to 
eliminate unwanted side reactions while focusing desired reactivity at the metallocene 
wedge.  
 By comparison, significantly fewer studies focus on the piano stool variation for 
uranium compounds. Using a single Cp ring provides the desired steric protection at one 
face of uranium, while facilitating easy steric and electronic tuning at vacant coordination 
sites by introducing non-Cp based ligands.  Because cyclopentadienyl ligands offer little 
in the way of redox flexibility, incorporation of redox-active ligands at these positions 
can promote multi-electron chemistry in addition to easier tunability. This was recently 
demonstrated by Evans with the synthesis of the family of Cp* uranium dimers that 
feature a bridging, two-electron reduced benzene ring, [Cp*(X)U]2(μ-η6:η6-C6H6) (X = -
OAr (OAr = 2,6-bis(tert-butyl)-4-methylphenolate), -CH(SiMe3)2, -N(SiMe3)2, 
iPrNC(Me)NiPr).18 These complexes act as four electron reductants towards small 




 Recently, we adapted this strategy with the report of the synthesis and 
characterization of Cp*U(MesPDIMe)(THF) (1-Cp*), which has a trianionic [MesPDIMe]3- 
ligand.19 The three reducing equivalents stored in the pyridine(diimine) ligand, plus one 
from uranium, can be used for the four electron N=N double bond cleavage of 
azobenzene to produce the uranium(V) bis(imido), Cp*U(MesPDIMe)(NPh)2, which has a 
neutral [MesPDIMe]0. Based on the success of 1-Cp* for bond activation reactions, 
additional reduced species were targeted to determine if a family with differing steric and 
electronic properties of the Cp ring could be generated. Herein, we report the sequential 
reduction of two series of uranium complexes bearing cyclopentadienyl-based ancillary 
ligands and a redox-active pyridine(diimine). Exposure of these species to both aldehydes 
and ketones results in either ligand or pinacol radical coupling from ligand based 
oxidation events. Further, the trianionic pyridine(diimine) ligated species were found to 
oxidatively add various two electron oxidants as well as reduce arylazides. 
 
1.3. Experimental 
All air- and moisture-sensitive manipulations were performed using standard 
Schlenk techniques or in an MBraun inert atmosphere drybox with an atmosphere of 
purified nitrogen. The MBraun drybox was equipped with a cold well designed for 
freezing samples in liquid nitrogen as well as two −35 °C freezers for cooling samples 
and crystallizations. Solvents for sensitive manipulations were dried and deoxygenated 
using literature procedures with a Seca solvent purification system.19 Benzene-d6 was 
purchased from Cambridge Isotope Laboratories, dried with molecular sieves and 
sodium, and degassed by three freeze–pump–thaw cycles. A 1.0 M solution of sodium 
triethylborohydride in toluene was purchased from Sigma-Aldrich and used as received. 
Benzophenone was purchased from Sigma-Aldrich and recrystallized from dry diethyl 
ether prior to use. Benzaldehyde and furfural were purchased from Sigma-Aldrich and 
distilled from magnesium sulfate prior to use. Thiophenol and benzeneselenol were 
distilled from CaH2 prior to use and diphenyldisulphide, diphenyldiselenide, 
diphenylditelluride, and phenylselenyl chloride were used as received. 
Cp*U(MesPDIMe)(THF) (1-Cp*),19 KC8,21 Cp*UI2(THF)3,22 potassium 1-(7,7-
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dimethylbenzyl)cyclopentadienide (KCpP),23 UI3(THF)4,24 NaTePh·1/2THF,61 
iodosylbenzene dichloride,62 and MesPDIMe (MesPDIMe = 2,6-((Mes)N=CMe)2-C5H3N)25 
were prepared according to literature procedures. KSPh and KSePh were prepared by 
deprotonation of the corresponding thiol or selenol with potassium hydride at -78 °C in 
THF. 
1H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at 
299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H 
(residual) chemical shifts of the solvent as a secondary standard. The spectra for 
paramagnetic molecules were obtained by using an acquisition time of 0.5 s, thus the 
peak widths reported have an error of ±2 Hz. For paramagnetic molecules, the 1H NMR 
data are reported with the chemical shift, followed by the peak width at half height in 
hertz, the integration value, and, where possible, the peak assignment. Elemental analyses 
were performed by Midwest Microlab, LLC, Indianapolis, IN or Complete Analysis 
Laboratories, Inc., Parsippany, NJ.  Electronic absorption spectroscopic measurements 
were recorded at 294 K in sealed 1 cm quartz cuvettes with a Jasco V-6700 
spectrophotometer.  
Single crystals of 3-Cp*, 6-Cl2 and 6-SePh suitable for X-ray diffraction were 
coated with poly(isobutylene) oil in a glovebox and quickly transferred to the goniometer 
head of a Nonius KappaCCD image plate diffractometer equipped with a graphite crystal, 
incident beam monochromator.  Preliminary examination and data collection were 
performed with Mo K radiation (λ = 0.71073 Å). Single crystals of CpP3U, 
CpPUI2(THF)3, 2-CpP, 3-CpP, 4-Cp*, 5-CpP, 5-Cp*, 6-SePh/Cl, and 6-SPh suitable for 
X-ray diffraction were coated with poly(isobutylene) oil in a glovebox and quickly 
transferred to the goniometer head of a Rigaku Rapid II image plate diffractometer 
equipped with a MicroMax002+ high intensity copper X-ray source with confocal optics.  
Preliminary examination and data collection were performed with Cu K radiation (λ = 
1.54184 Å).  Cell constants for data collection were obtained from least-squares 
refinement.  The space group was identified using the program XPREP.26  The structures 
were solved using the structure solution program PATTY in DIRDIF99.27 Refinement 
was performed on a LINUX PC using SHELX-97.26   
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Magnetic susceptibility (dc) data were collected on compounds 2-CpP and 5-CpP 
with a Quantum Design MPMS-XL SQUID magnetometer in the temperature range 5 – 
300 K at an applied field of 1000 Oe. Powdered microcrystalline samples were loaded 
into gelatin capsules in the glove box, inserted into a straw and transported to the SQUID 
magnetometer under dinitrogen. The absence of significant ferromagnetic impurities was 
confirmed for each sample by observing a linear relationship between magnetization and 
applied field (0.1 – 0.7 T) at 100 K. Susceptibility data reproducibility was probed by 
analyzing several independently synthesized solid samples: the air-sensitivity of the 
samples results in slight variation of the room temperature eff values, but the qualitative 
temperature dependences of the data are reproducible. Data for representative samples are 
presented in Figure 1.4 and discussed in the text. Data were corrected for the 
magnetization of the sample holder by subtracting the susceptibility of an empty 
container and for diamagnetic contributions of the sample by using Pascal’s constants.28 
Synthesis of Cp*UI2(MesPDIMe) (2-Cp*).  A 20 mL scintillation vial was charged with 
0.788 g (0.934 mmol) Cp*UI2(THF)3 and 5 mL of toluene.  While stirring, 0.372 g (0.935 
mmol) MesPDIMe was added, resulting in a gradual color change from blue to brown.  
After stirring for 2 h, volatiles were removed in vacuo.  The resulting solid was washed 
with cold pentane (3x10 mL) to afford brown solid (0.868 g, 0.847 mmol, 91%) assigned 
as Cp*UI2(MesPDIMe).  Elemental analysis of C37H46N3I2U: Calculated, C, 43.37; H, 4.53; 
N, 4.10.  Found, C, 43.30; H, 4.52; N, 3.98. 1H NMR (C6D6, 25 ºC) δ = -68.18 (91, 1H, 4-
pyr-ArH), -22.61 (16, 12H, o-CH3), -4.03 (3, 4H, m-ArH), -3.98 (3, 6H, CH3), 12.23 (23, 
15H, Cp*), 21.50 (14, 2H, 3,5-pyr-ArH), 31.05 (115, 6H, CH3). 
Synthesis of Cp*UI(MesPDIMe) (3-Cp*).  A 20 mL scintillation vial was charged with 
1.000 g (0.976 mmol) Cp*UI2(MesPDIMe) and 10 mL of toluene.  While stirring, 0.135 g 
(0.999 mmol) of KC8 was added.  After 30 min, the dark green solution was filtered over 
Celite and volatiles were removed in vacuo.  The resulting solid was washed with cold 
pentane (3x10 mL) to afford dark green solid (0.693 g, 0.772 mmol, 79%) assigned as 
Cp*UI(MesPDIMe).  Single, X-ray quality crystals were obtained by slow diffusion of 
hexane into a saturated toluene solution at -35 °C.  Elemental analysis of C37H46N3IU: 
Calculated, C, 49.50; H, 5.16; N, 4.68.  Found, C, 49.46; H, 5.09; N, 4.62. 1H NMR 
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(C6D6, 25 ºC) δ = -2.21 (5, 6H, CH3), 0.91 (3, 6H, CH3), 1.83 (d, J = 8, 2H, 3,5-pyr-ArH), 
2.00 (3, 6H, CH3), 2.56 (4, 15H, Cp*), 6.16 (5, 2H, ArH), 7.32 (5, 2H, ArH), 7.43 (5, 6H, 
CH3), 7.96 (t, J = 8, 1H, 4-pyr-ArH). 
Alternate Synthesis of Cp*U(MesPDIMe)(THF) (1-Cp*).  A 20 mL scintillation vial was 
charged with 0.100 g (0.111 mmol) Cp*UI(MesPDIMe) and 5 mL of THF.  While stirring, 
0.016 g (0.118 mmol) of KC8 was added, and the solution color changed from dark green 
to brown.  After 1 h, the volatiles were removed in vacuo.  The product was extracted 
with diethyl ether and filtered over Celite, affording dark brown solid (0.079 g, 0.094 
mmol, 84%) identified as Cp*U(MesPDIMe)(THF) by 1H NMR spectroscopy. 
Synthesis of CpP3U.  A 20 mL scintillation vial was charged with 0.340 g (0.375 mmol) 
of UI3(THF)4 and 10 mL THF.  While stirring, 0.249 g (1.124 mmol) of KCpP was added 
and stirred for 3 h, resulting in a green solution.  Volatiles were removed in vacuo.  The 
product was extracted with diethyl ether and filtered through Celite.  Removal of volatiles 
afforded green solid (0.265 g, 0.337 mmol, 90%) assigned as CpP3U.  Single, X-ray 
quality crystals were grown in a concentrated diethyl ether solution at -35 ºC.  Elemental 
analysis of C42H45U: Calculated, C, 64.03; H, 5.76.  Found, C, 63.60; H, 5.82.  1H NMR 
(C6D6, 25 ºC) δ = -22.21 (38, 6H, ArH), -13.85 (12, 18H, CH3), -11.08 (24, 6H, ArH), -
2.39 (22, 6H, ArH), 2.70 (21, 3H, p-ArH), 3.76 (34, 6H, ArH).   
Synthesis of CpPUI2(THF)3.  A 20 mL scintillation vial was charged with 0.335 g (0.369 
mmol) of UI3(THF)4 and 10 mL THF and cooled to -35 ºC.  While stirring, 0.082 g 
(0.369 mmol) of KCpP was added and stirred for 3 h, resulting in a blue solution.  
Volatiles were removed in vacuo.  The product was extracted with diethyl ether and 
filtered through Celite.  Removal of volatiles afforded blue solid (0.265 g, 0.297 mmol, 
81%) assigned as CpPUI2(THF)3.  Single, X-ray quality crystals were grown in a 
concentrated diethyl ether solution at -35 ºC.  Elemental analysis of C26H39I2O3U: 
Calculated, C, 35.03; H, 4.41.  Found, C, 34.83; H, 4.31.  1H NMR (C6D6, 25 ºC) δ =-
24.06 (20, 2H, ArH), -8.26 (16, 2H, ArH), -5.53 (36, 1H, ArH), -2.36 (548, 6H, CH3), 
0.67 (294, 24H, THF-CH2), 4.79 (45, 2H, ArH), 9.54 (85, 2H, ArH).   
Synthesis of CpPUI2(MesPDIMe) (2-CpP).  A 20 mL scintillation vial was charged with 
0.469 g (0.517 mmol) of UI3(THF)4, 0.205 g (0.516 mmol) of MesPDIMe, and 15 mL of 
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toluene and stirred for 15 min.  Volatiles were removed affording a brown solid.  The 
solid was redissolved in 15 mL of toluene.  While stirring, 0.115 g (0.518 mmol) of KCpP 
was added and allowed to stir for 30 min.  The brown suspension was filtered over Celite, 
and volatiles were removed in vacuo to yield brown solid (0.553 g, 0.516 mmol, 95%) 
assigned as CpPUI2(MesPDIMe).  Single, X-ray quality crystals were obtained from a 
concentrated toluene/pentane (10:1) solution at -35 ºC. Elemental analysis of 
C41H46N3I2U: Calculated, C, 45.91; H, 4.32; N, 3.92.  Found, C, 45.93; H, 4.42; N, 3.82. 
1H NMR (C6D6, 25 ºC) δ = -47.26 (27, 2H, ArH), -18.20 (12, 12H, o-CH3), -5.55 (10, 6H, 
CH3), -3.05 (3, 3H, CpP-CH3), -2.83 (7, 3H, CpP-CH3), -0.83 (3, 1H, ArH), 11.18 (t, J = 
8, 1H, ArH), 12.91 (t, J = 8, 2H, CpP-ArH), 13.38 (34, 2H, ArH), 17.40 (74, 6H, CH3), 
17.95 (11, 2H, ArH), 18.73 (42, 4H, PDI-m-ArH), 21.81 (d, J = 8, 2H, ArH).  
Synthesis of CpPUI(MesPDIMe) (3-CpP).  A 20 mL scintillation vial was charged with 
1.072 g (1.000 mmol) of CpPUI2(MesPDIMe) and 15 mL of toluene.  While stirring, 1.00 
mL (1.000 mmol) of NaHBEt3 solution (1.0 M in toluene) was added, resulting in H2 
evolution as indicated by bubbling.  After stirring for 15 min, the dark brown suspension 
was filtered over Celite.  Volatiles were removed in vacuo to afford dark brown solid 
(0.912 g, 0.964 mmol, 97%) assigned as CpPUI(MesPDIMe).  Single, X-ray quality crystals 
were obtained from a concentrated toluene/pentane (1:3) solution at -35 ºC.  Elemental 
analysis of C41H46N3IU: Calculated, C, 52.07; H, 4.90; N, 4.44.  Found, C, 51.98; H, 
5.07; N, 4.39. 1H NMR (C6D6, 25 ºC) δ = -65.44 (60, 6H, CH3), -48.48 (59, 6H, CH3), -
16.90 (1, 2H, ArH), -8.73 (12, 2H, ArH), -8.38 (12, 2H, ArH), -3.70 (5, 6H, CH3), 0.93 
(17, 6H, CH3), 8.37 (606, 4H, CpP-Ph-o,p-ArH), 18.10 (20, 1H, ArH), 21.90 (24, 2H, 
ArH), 45.50 (31, 1H, ArH), 47.22 (87, 2H, ArH), 70.01 (54, 3H, CH3), 73.78 (111, 3H, 
CH3). 
Synthesis of [CpPU(MesPDIMe)]2 (1-CpP). A 20 mL scintillation vial was charged with 
0.912 g (0.964 mmol) of CpPUI(MesPDIMe) and 15 mL of toluene.  While stirring, 0.140 g 
(1.036 mmol) of KC8 was added.  After stirring for 30 min, the dark brown suspension 
was filtered over Celite and volatiles were removed in vacuo.  The resulting solid was 
washed with cold pentane (-35 ºC) to afford dark brown solid (0.568 g, 0.347 mmol, 
72%) assigned as [CpPU(MesPDIMe)]2.  Elemental analysis of C41H46N3U: Calculated, C, 
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60.14; H, 5.66; N, 5.13.  Found, C, 60.09; H, 5.58; N, 5.08.   1H NMR (C6D6, 25 ºC) δ = -
109.93 (164, 1H, ArH), -65.95 (159, 2H, ArH), -42.93 (321, 6H, CH3), -27.90 (119, 6H, 
CH3), -19.00 (162, 6H, CH3), -10.20 (22, 2H, ArH), -8.09 (50, 2H, ArH), -1.82 (42, 6H, 
CH3), 1.12 (71, 2H, ArH), 17.70 (58, 1H, ArH), 21.53 (94, 2H, ArH), 26.78 (247, 6H, 
CH3), 46.73 (189, 2H, ArH), 76.69 (416, 2H, ArH).  
Synthesis of CpPUI(Furf)(MesPDIMe) (4-CpP).  A 20 mL scintillation vial was charged 
with 0.096 g (0.102 mmol) of CpPUI(MesPDIMe) and 5 mL of toluene and stirred.  Furfural 
(0.0085 mL, 0.101 mmol) was added via microsyringe resulting in an immediate color 
change from brown to dark green.  Volatiles were then removed and the resulting solid 
was washed with pentane (2 x 10 mL), affording green solid (0.097 g, 0.093 mmol, 92%) 
assigned as CpPUI(Furf)(MesPDIMe). 1H NMR (C6D6, 25 ºC) δ -63.30 (127, 1H, ArH), -
43.63 (33, 1H, ArH), -23.58 (9, 3H CH3), -21.80 (12, 3H, CH3), -20.57 (17, 3H, CH3), -
12.67 (61, 1H, ArH), -8.01 (21, 1H, ArH), -7.17 (10, 3H, CH3), -4.99 (8, 1H, ArH), -3.41 
(7, 3H, CH3), -2.66 (7, 3H, CH3), 3.30 (33, 3H, CH3), 5.36 (8, 1H, ArH), 5.82 (t, J = 8, 
1H, CpP-p-ArH), 5.93 (t, J = 9, 1H, ArH), 6.26 (t, J = 8, 2H, CpP-m-ArH), 6.76 (25, 1H, 
ArH), 6.80 (d, J = 8, 2H, CpP-o-Ar H), 7.42 (d, J = 8, 1H, ArH), 10.86 (9, 3H, CH3), 
13.16 (13, 3H, ArH), 13.51 (8, 1H, ArH), 15.06 (7, 1H, ArH), 17.89 (12, 3H, CH3), 22.69 
(10, 1H, ArH), 42.51 (53, 1H, ArH), 107.80 (40, 1H, ArH). 
Synthesis of Cp*UI(Furf)(MesPDIMe) (4-Cp*) A 20 mL scintillation vial was charged 
with 0.150 g (0.167 mmol) of Cp*UI(MesPDIMe) and 5 mL of toluene and stirred.  
Furfural (0.014 mL, 0.170 mmol) was added via microsyringe resulting in an immediate 
color change from green to brown.  Volatiles were then removed, and the resulting solid 
was washed with pentane (2 x 10 mL), affording brown solid (0.120 g, 0.093 mmol, 
72%) assigned as Cp*UI(Furf)(MesPDIMe).  Single, X-ray quality crystals were obtained 
from a concentrated toluene/pentane (2:1) solution at -35 ºC. Elemental analysis of 
C42H50N3O2IU: Calculated, C, 50.76; H, 5.07; N, 4.23.  Found, C, 50.69; H, 5.13; N, 
4.09. 1H NMR (C6D6, 25 ºC) δ -23.71 (11, 3H, CH3), -21.13 (8, 3H, CH3), -16.87 (9, 3H, 
CH3), -7.58 (7, 1H, ArH), -7.24 (7, 1H, ArH), -5.81 (9, 3H, CH3), -4.54 (6, 3H, CH3), -
4.32 (7, 3H, CH3), -2.81 (d, J = 8, 1H, ArH), -0.41 (7, 1H, ArH), 1.45 (9, 15H, Cp*), 7.37 
(t, J = 8, 1H, ArH), 8.33 (9, 3H, CH3), 8.51 (11, 3H, CH3), 8.78 (t, J = 6, 1H, ArH), 10.29 
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(d, J = 8, 1H, ArH), 14.34 (8, 1H, ArH), 15.75 (6, 1H, ArH), 24.38 (10, 1H, ArH), 103.10 
(26, 1H, ArH). 
Synthesis of CpPU(O2C2Ph4)(MesPDIMe) (5-CpP).  A 20 mL scintillation vial was 
charged with 0.095 g (0.058 mmol) of [CpPU(MesPDIMe)]2 (1-CpP) and 5 mL of toluene.  
While stirring, 0.043 g (0.236 mmol) of benzophenone was added.  After 15 min, 
volatiles were removed in vacuo.  The resulting solid was washed with cold pentane (-35 
ºC) to afford dark brown solid (0.099 g, 0.084 mmol, 72%) assigned as 
CpPU(O2C2Ph4)(MesPDIMe).  Single, X-ray quality crystals were grown by slow diffusion 
of n-hexane into a concentrated THF solution at -35 ºC.  Elemental analysis of 
C67H66N3O2U: Calculated, C, 68.01; H, 5.62; N, 3.55.  Found, C, 67.72; H, 5.64; N, 3.43.  
1H NMR (C6D6, 25 ºC) δ -310.96 (76, 1H, ArH), -25.28 (9, 2H, ArH), -7.14 (24, 6H, 
CH3), -1.51 (24, 6H, CH3), 3.20 (d, J = 8, 2H, o-ArH), 3.66 (12, 6H, CH3), 5.76 (t, J = 8, 
2H, m-ArH), 5.91 (t, J = 6, 1H, p-ArH), 6.68 (646, 8H, O2C2Ph4-ArH), 7.67 (779, 4H, 
O2C2Ph4-p-ArH), 8.93 (277, 8H, O2C2Ph4-ArH), 12.04 (7, 2H, ArH), 13.53 (12, 2H, 
ArH), 15.77 (23, 6H, CH3), 25.51 (12, 2H, ArH), 38.14 (15, 2H, ArH), 177.43 (72, 6H, 
CH3). 
Synthesis of Cp*U(O2C2Ph2H2)(MesPDIMe) (5-Cp*).  A 20 mL scintillation vial was 
charged with 0.220 g (0.261 mmol) Cp*U(MesPDIMe)(THF) and 5 mL of toluene and 
frozen.  Upon thawing, 0.053 mL (0.522 mmol) of benzaldehyde was added via 
microsyringe.  The reaction was stirred 2 h, and volatiles were removed. The crude 
mixture was recrystallized by slow evaporation of a concentrated diethyl ether solution to 
afford green solid (0.123 g, 0.125 mmol, 48%) assigned as Cp*U(O2C2Ph2H2)(MesPDIMe).  
Single, X-ray quality crystals were grown from a concentrated toluene/pentane solution 
(4:1) at -35 °C.  Elemental analysis of C51H58N3O2U: Calculated, C, 62.31; H, 5.95; N, 
4.27.  Found, C, 62.23; H, 6.10; N, 4.24.  1H NMR (C6D6, 25 ºC) δ -50.93 (15, 2H, CH3), 
-49.52 (16, 2H, CH3), -23.81 (24, 2H, CH3), -22.17 (22, 2H, CH3), -19.85 (d, J = 24, 1H, 
Pin-CH), -5.91 (10, 1H, ArH), -5.71 (8, 1H,  ArH), -5.49 (7, 1H, ArH), -5.26 (d, J = 11, 
1H,  Pin-CH), 1.54 (6, 1H, ArH),  1.95 (5, 6H, CH3), 2.09 (7, 6H, ArH),  2.14, (7, 6H, 
CH3), 3.80 (11, 1H, ArH), 9.67 (32, 1H, ArH), 9.85 (36, 1H, ArH), 12.98 (11, 15H, Cp*), 
19.63 (17, 3H, CH3), 22.40 (17, 3H, CH3). 
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Reactivity of 1-CpP with Benzaldehyde.  A 20 mL scintillation vial was charged with 
0.027 g (0.017 mmol) [CpPU(MesPDIMe)]2 (1-CpP) and 3 mL of toluene.  While stirring, 
benzaldehyde (6.7 µL, 0.066 mmol) was added via microsyringe.  After 30 min without a 
noticeable color change, volatiles were removed in vacuo.  Inspection by 1H NMR 
spectroscopy revealed decomposition of the starting material without significant 
consumption of benzaldehyde. 
Reactivity of 1-Cp* with Benzophenone.  A 20 mL scintillation vial was charged with 
0.035 g (0.042 mmol) Cp*U(MesPDIMe)(THF) and 3 mL of toluene.  While stirring, 
benzophenone (0.016 g, 0.088 mmol) was added resulting in an immediate color change 
from brown to dark red.  After 10 min, volatiles were removed.  Inspection by 1H NMR 
spectroscopy revealed significant decompostion of starting material without consumption 
of benzophenone. 
  Synthesis of CpPUI2(MesPDIMe) (2-CpP) from [CpPU(MesPDIMe)]2 (1-CpP).  A 20 mL 
scintillation vial was charged with [CpPU(MesPDIMe)]2 (1) (0.022 g, 0.014 mmol) in 2 mL 
of toluene and frozen in the coldwell.  Upon thawing, I2 (0.5 M in THF; 0.053 mL, 0.027 
mmol) was added via microsyringe resulting in a slight colour change.  Upon reaching 
RT, volatiles were removed in vacuo.  Inspection of the crude mixture by 1H NMR 
spectroscopy revealed formation of CpPUI2(MesPDIMe) (2-CpP) in quantitative fashion.  
Synthesis of CpPUCl2(MesPDIMe) (6-Cl2).  A 20 mL scintillation vial was charged with 
0.100 g (0.061 mmol) of CpPU(MesPDIMe) (1-CpP) and 5 mL toluene and frozen in the 
coldwell.  Upon thawing, 0.034 g (0.124 mmol) of iodosylbenzene dichloride was added 
and stirred for 15 minutes. Volatiles were removed, and the resulting mixture was 
recrystallized by slow evaporation of a concentrated diethyl ether solution at -35 °C, 
affording brown solid (0.057 g, 0.064 mmol, 52%) assigned as CpPUCl2(MesPDIMe) (6-
Cl2).  Single, X-ray quality crystals were obtained by slow evaporation of a dilute diethyl 
ether solution at -35 °C.  Elemental analysis of C41H46N3Cl2U: Calculated, C, 55.35; H, 
5.21; N, 4.72.  Found, C, 55.28; H, 5.06; N, 4.54.  1H NMR (C6D6, 25 °C) δ = -46.67 (62, 
1H, p-pyr-CH), -4.75 (8, 6H, CpP-(CH3)2), -2.84 (36, 12H, Ar-o-CH3), -0.04 (26, 4H, Ar-
m-CH), 2.04 (22, 2H, CpP-CH), 5.42 (129, 2H, CpP-CH), 6.34 (t, J = 6, 1H, CpP-p-Ph-
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CH), 6.53 (t, J = 6, 2H, CpP-m-Ph-CH), 6.79 (d, J = 6, 2H, CpP-o-Ph-CH), 11.05 (9, 2H, 
m-pyr-CH), 14.55 (28, 6H, Ar-p-CH3), 80.20 (490, 6H, N=CCH3). 
Synthesis of CpPU(SePh)(Cl)(MesPDIMe) (6-SePh/Cl).  A 20 mL scintillation vial was 
charged with 0.200 g (0.122 mmol) of [CpPU(MesPDIMe)]2 (1-CpP) and 5 mL toluene and 
stirred.  Phenylselenyl chloride (0.047 g, 0.245 mmol) was added and stirred for 5 min, 
followed by removal of volatiles in vacuo.  The resulting solid was recrystallized from a 
saturated toluene solution layered with pentane, yielding brown solid (0.091 g, 0.090 
mmol, 37%) assigned as CpPU(SePh)Cl(MesPDIMe) (6-SePh/Cl).  The mother liquor was 
further concentrated yielding an additional 0.037 g of 3 (52%).  Single, X-ray quality 
crystals were obtained by layering an acetone solution of 6-SePh/Cl with n-hexane at -35 
°C. Elemental analysis of C47H51N3SeClU: Calculated, C, 55.87; H, 5.09; N, 4.16.  
Found, C, 55.74; H, 5.21; N, 4.08.  1H NMR (C6D6, 25 °C) δ = -77.54 (557, 1H, p-pyr-
CH), -45.13 (127, 2H, Ar-CH), -5.82 (110, 6H, -CH3), -3.53 (33, 6H, -CH3), -1.36 (82, 
2H, Ar-CH), 0.79 (196, 6H, -CH3), 3.32 (248, 2H, Ar-CH), 4.55 (1875, 1H, CpP-p-Ph-
CH), 4.93 (32, 2H, Ph-CH), 5.62 (217, 2H, Ar-CH), 5.89 (28, 1H, Se-p-Ph-CH), 6.00 (28, 
2H, Ph-CH), 7.85 (149, 2H, Ar-CH), 8.69 (58, 6H, -CH3), 13.59 (82, 2H, Ar-m-CH), 
15.88 (71, 2H, Ar-m-CH), 45.12 (439, 6H, N=CCH3). 
Synthesis of CpPU(EPh)2(MesPDIMe) (E = S, Se, Te) (6-EPh) from [CpPU(MesPDIMe)]2 
(1-CpP) and PhEEPh.  The following procedure is representative of all compounds of 
the type 6-EPh.  A 20 mL scintillation vial was charged with [CpPU(MesPDIMe)]2 (1-CpP) 
(0.100 g, 0.061 mmol) in 5 mL of toluene and cooled to -35 °C.  A separate vial 
containing diphenyldisulphide (0.027 g, 0.124 mmol) in toluene (2 mL) was added 
dropwise to the first while stirring.  Following stirring for 5 min, volatiles were removed 
in vacuo. The resulting solid was washed with pentane and dried, yielding brown powder 
(0.081 g, 0.078 mmol, 64%) assigned as CpPU(SPh)2(MesPDIMe) (6-SPh).  Single, X-ray 
quality crystals were obtained from a saturated diethyl ether solution layered with 
pentane at -35 °C.  Elemental analysis of C53H56N3S2U: Calculated, C, 61.37; H, 5.44; N, 
4.05.  Found, C, 61.27; H, 5.28; N, 3.96.  1H NMR (C6D6, 25 °C) δ = -83.83 (254, 1H, p-
pyr-CH), -32.46 (66, 2H, m-pyr-CH), -3.87 (90, 2H, CpP-CH), -2.68 (4, 6H, -CH3), 1.32 
(23, 12H, Ar-o-CH3), 2.10 (5, 4H, Ar-m-CH), 2.25 (d, J = 6, 2H, CpP-o-Ph-CH), 3.28 
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(18, 6H, -CH3), 5.00 (t, J = 6, 2H, Ar-CH), 5.14 (t, J = 8, 2H, S-p-Ph-CH), 5.26 (t, J = 6, 
1H, CpP-p-Ph-CH), 7.39 (d, J = 6, 4H, S-o-Ph-CH ), 10.62 (33, 4H, S-m-Ph-CH), 15.20 
(8, 2H, Ar-CH), 44.56 (209, 6H, N=CCH3).  6-SePh: Brown powder (Yield = 96%).  
Single, X-ray quality crystals were obtained from a saturated THF solution layered with 
an equal volume of n-hexane. Elemental analysis of C53H56N3Se2U: Calculated, C, 56.29; 
H, 4.99; N, 3.72.  Found, C, 56.16; H, 4.89; N, 3.66. 1H NMR (C6D6, 25 °C) δ = -68.30 
(3, 1H, p-pyr-CH), -15.59 (50, 2H, m-pyr-CH), -6.06 (91, 2H, Ar-CH), -2.92 (12, 6H, -
CH3), -2.36 (4, 6H, -CH3), -1.95 (13, 12H, Ar-o-CH3), 1.36 (4, 4H, Ar-m-CH), 2.12 (4, 
1H, CpP-p-Ph-CH), 5.05 (t, J = 6, 2H, Ar-CH), 5.78 (t, J = 6, 2H, Ar-CH), 6.21 (d, J = 6, 
2H, Ar-CH), 7.66 (13, 4H, Ar-CH), 10.63 (20, 4H, Ar-CH), 12.99 (7, 2H, Ar-CH), 29.28 
(106, 6H, N=CCH3).  6-TePh: Brown Powder (Yield = 88%).  Elemental analysis of 
C53H56N3Te2U: Calculated, C, 51.83; H, 4.60; N, 3.42.  Found, C, 51.71; H, 4.71; N, 
3.33.  1H NMR (C6D6, 25 °C) δ = -41.84 (45, 1H, p-pyr-CH), -8.90 (7, 6H, -CH3), -8.68 
(8, 12H, Ar-o-CH3), -2.35 (3, 6H, -CH3), -0.76 (4, 4H, Ar-m-CH), -0.22 (37, 2H, Ar-CH), 
3.56 (19, 6H, N=CCH3), 4.69 (30, 2H, Ar-CH), 7.03 (5, 2H, Ar-CH), 7.61 (t, J = 8, 2H, 
Ar-CH), 8.32 (t, J = 8, 1H, CpP-p-Ph-CH), 9.02 (t, J = 8, 2H, Ar-CH), 9.69 (t, J = 6, 4H, 
-Te-m-Ph-CH), 11.97 (d, J = 8, 2H, CpP-o-Ph-CH), 13.05 (d, J = 6, 4H, Te-o-Ph-CH). 
Synthesis of CpPU(EPh)2(MesPDIMe) (E = S, Se) (6-EPh) from CpPUI2(MesPDIMe) (2-
CpP) and KEPh.  A 20 mL scintillation vial was charged with 0.280 g (0.261 mmol) of 
CpPUI2(MesPDIMe) (2-CpP) and 10 mL of THF.  While stirring, 0.078 g (0.526 mmol) of 
KSPh was added.  After stirring for 2 h, the brown-orange solution was filtered over 
Celite.  Volatiles were removed in vacuo and the resulting solid was washed with pentane 
to afford brown solid (0.225 g, 0.217 mmol, 83%) identified as CpPU(SPh)2(MesPDIMe) 
(6-SPh).  6-SePh:  (Yield = 92%).   
Synthesis of CpPU(TePh)2(MesPDIMe) (6-TePh) from CpPUI2(MesPDIMe) (2-CpP) and 
NaTePh•1/2THF.  A 20 mL scintillation vial was charged with 0.100 g (0.093 mmol) of 
CpPUI2(MesPDIMe) (2-CpP) and 10 mL of THF.  While stirring, 0.050 g (0.190 mmol) of 
NaTePh•1/2THF was added.  After stirring for 2 h, volatiles were removed.  The residue 
was dissolved in toluene and filtered over Celite.  Following the removal of volatiles, the 
crude product was recrystallized by layering a THF solution with an equal volume of n-
13 
 
pentane at -35 °C affording brown solid (0.093 g, 0.078 mmol, 81%) identified as 
CpPU(TePh)2(MesPDIMe) (6-TePh). 
Crossover Experiment of Oxidative Addition of PhEEPh to CpPU(MesPDIMe).  A 20 
mL scintillation vial was charged with 0.050 g (0.031 mmol) of [CpPU(MesPDIMe)]2 (1-
CpP) dissolved in 4 mL of toluene and chilled to -35 °C. A seperate vial was charged 
with diphenyldisulphide (0.007 g, 0.032 mmol) and diphenyldiselenide (0.010 g, 0.032 
mmol) in 2 mL of toluene and added to the vial containing CpPU(MesPDIMe) (1-CpP).  The 
reaction mixture was stirred 1 hr before volatiles were removed in vacuo.  The crude 
reaction mixture was inspected via 1H NMR spectroscopy revealing the presence of 6-
SPh, 6-SePh, and a third product assigned as CpPU(SPh)(SePh)(MesPDIMe) (6-
SPh/SePh).  6-SPh/SePh:  1H NMR (C6D6, 25 °C) δ = -74.99 (149, 1H, p-pyr-CH), -
24.69 (47, 2H, m-pyr-CH), -2.43 (3, 6H, -CH3), -1.87 (8, 2H, Ar-CH), -1.08 (14, 6H, -
CH3), 0.31 (15, 6H, -CH3), 0.63 (20, 6H, -CH3), 1.50 (8, 1H, Ar-CH), 1.66 (9, 2H, Ar-
CH), 1.92 (8, 2H, Ar-CH), 2.17 (8, 1H, Ar-CH), 3.59 (d, J = 8, 2H, X-o-Ph-CH), 5.57 (t, 
J = 8, 2H, X-m-Ph-CH), 5.70 (t, J = 8, 1H, X-p-Ph-CH), 6.92 (7, 2H, Ar-CH), 8.17 (d, J 
= 6, 2H, CpP-o-Ph-CH), 9.27 (33, 2H, Ar-CH), 12.08 (26, 2H, Ar-CH), 14.29 (8, 2H, Ar-
CH), 36.70 (136, 6H, N=CCH3). 
Crossover Control Experiments: 
6-SPh + 6-SePh: A J-Young NMR tube was charged with 0.005 g each of 
CpPU(SPh)2(MesPDIMe) and CpPU(SePh)2(MesPDIMe) in 1 mL of C6D6.  Inspection by 1H 
NMR spectroscopy revealed no interconversion. The tube was subsequently heated at 75 
°C overnight.  Inspection by 1H NMR spectroscopy again revealed neither the presence of 
CpPU(SPh)(SePh)(MesPDIMe) 6-SPh/SePh nor significant product decomposition. 
PhS-SPh + PhSe-SePh: A J-Young NMR tube was charged with 0.005 g each of 
diphenyldisulfide and diphenyldiselenide in 1 mL in C6D6 and vigorously shaken for 2 
min.  Inspection by 1H NMR spectroscopy revealed only resonances for PhS-SPh and 
PhSe-SePh.  Peaks attributable to PhS-SePh were not present. 
Synthesis of CpPU(NDIPP)(MesPDIMe) (7-CpP)  A 20 mL scintillation vial was charged 
with 0.269 g (0.165 mmol) of [CpPU(MesPDIMe)]2 and 5 mL of toluene and frozen in the 
coldwell. Upon thawing, 0.067 g (0.330 mmol) of 2,6-diisopropylphenylazide was added. 
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After 1 h, volatiles were removed in vacuo. The resulting solid was washed with cold 
pentane (-35 °C) to afford dark brown solid (0.228 g, 0.229 mmol, 70%) assigned as 
CpPU(NDIPP)(MesPDIMe) (7-CpP).  Single, X-ray quality crystals were obtained from a 
saturated n-hexane/diethyl ether (10:1) solution at -35 °C. 1H NMR (C6D6, 25 °C) δ -
251.50 (200, 1H, para-pyr-CH), -54.20 (139, 2H, meta-pyr-CH), -11.43 (13, 6H, CH3), -
6.84 (30, 6H, CH3), -4.11 (4, 6H, CpP-CH3), -2.19 (6, 2H, Ar-CH), 0.68 (d, J = 6, 3H, iPr-
CH3), 1.37 (d, J = 6, 3H, iPr-CH3), 1.47 (d, J = 8, 3H, iPr-CH3), 1.71 (6, 1H, Ar-CH), 
1.99 (6, 3H, iPr-CH3), 2.13 (6, 1H, Ar-CH), 3.81 (sept, J = 6, 1H, iPr-CH), 4.19 (sept, J = 
8, 1H, iPr-CH), 4.62 (19, 2H, Ar-CH), 6.75 (6, 1H, Ar-CH), 7.31 (6, 2H, Ar-CH), 13.82 
(17, 1H, Ar-CH), 19.88 (12, 2H, Ar-CH), 25.32 (70, 2H, Ar-CH), 31.56 (65, 6H, CH3), 
47.41 (60, 2H, Ar-CH), 164.93 (152, 6H, imine-CH3). 
Synthesis of Cp*U(NDIPP)(MesPDIMe) (7-Cp*) A 20 mL scintillation vial was charged 
with 0.150 g (0.177 mmol) of Cp*U(MesPDIMe)(THF) and 5 mL of toluene. While stirring, 
0.036 g (0.177 mmol) of 2,6-diisopropylphenylazide was added. After 15 min, volatiles 
were removed in vacuo. The resulting solid was washed with cold diethyl ether (-35 ºC) to 
afford dark green solid (0.065 g, 0.069 mmol, 39%) assigned as Cp*U(NDIPP)(MesPDIMe). 
Single, X-ray quality crystals were obtained from a concentrated diethyl ether solution at -
35 °C. Elemental analysis of C49H63N4U: Calculated, C, 62.21; H, 6.71; N, 5.92.  Found, 
C, 62.26; H, 6.59; N, 5.80. 1H NMR (C6D6, -80 °C) δ -60.73 (245, 1H, Ar-CH), -57.56 
(240, 1H, Ar-CH), -47.37 (121, 6H, CH3), -41.92 (121, 6H, CH3), -29.64 (241, 2H, Ar-
CH), -28.10 (236, 2H, Ar-CH), -24.26 (121, 6H, CH3), -23.59 (238, 6H, CH3), -12.73 (171, 
6H x 2, o-Mesityl-CH3), -9.21 (140, 2H, Ar-CH), 10.89 (94, 2H, Ar-CH), 21.07 (280, 15H, 










1.4. Results and Discussion 
 
 
1.4.1 Synthesis of Reduced Complexes 
Initial studies focused on metallation of MesPDIMe for the synthesis of a series of 
reduced Cp* uranium derivatives.  Treating a stirring blue toluene solution of 
Cp*UI2(THF)322 with one equivalent of MesPDIMe resulted in a color change to brown 
over a three hour period (Scheme 1.1).  Following work-up, analysis by 1H NMR 
spectroscopy revealed seven paramagnetically shifted resonances suggesting metallation 
and formation of C2v symmetric Cp*UI2(MesPDIMe) (2-Cp*), with an intense singlet at 




Scheme 1.1 Synthesis of MesPDIMe uranium derivatives. 
 
 
 Reduction of 2-Cp* was achieved by treatment with one equivalent of KC8 
(Scheme 1.1). Following workup, analysis of the isolated dark green solid by 1H NMR 
spectroscopy revealed nine paramagnetically broadened resonances spanning from -2.21 
to 7.96 ppm with the largest at 2.56 ppm assigned as the η5-Cp*.  Four resonances 
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integrating to six protons each corresponding to pairs of methyl groups on the MesPDIMe 
ligand correspond to a Cs symmetric complex in solution, Cp*UI(MesPDIMe) (3-Cp*).   
 Structural confirmation and features of 3-Cp* were elucidated by crystallographic 
analysis of single, X-ray quality crystals obtained from the slow diffusion of hexane into 
a saturated toluene solution at -35 °C (Figure 1.1, Table 1.1).  Refinement of the data 
revealed the uranium iodide complex with both an η5-Cp* and MesPDIMe ligands.  The 
U1-I1 and U-Ct distances (3.1087(8) and 2.386 Å, respectively) are on the order of those 
for Cp*2UI2(NCCH3) (3.07(2) and 2.465 Å).29  The uranium center is situated 1.189 Å 





Figure 1.1 Molecular structure of Cp*UI(MesPDIMe) (3-Cp*) shown with 30% probability 
ellipsoids.  Hydrogen atoms as well as one 2,4,6-trimethylphenyl substituent have been 




 Intraligand distances have been established as an important metric for determining 
MesPDIMe ligand reduction.30-32  Comparison of ligand bond distances in 3-Cp* as 
compared to free MesPDIMe confirm localized ligand reduction.  The N1-C2 distance of 
1.454(12) Å is severely elongated compared to that in the free ligand of 1.277(3) Å, 
whereas the C2-C3 bond of 1.386(13) Å is contracted versus MesPDIMe (1.495(3) Å). On 
the other hand, the C7-C8 distance of 1.499(12) Å is very close to the free ligand value, 
indicating no reduction for this bond, and very little for N3-C8 as well (1.349(11) Å).  
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Thus, reduction appears to be relegated to one part of the ligand in the molecular 
structure. 
 This is further evident from inspection of the uranium-nitrogen bond distances for 
MesPDIMe. Although not as thoroughly studied, these U-N distances are a more reliable 
parameter for establishing ligand reduction due to the higher accuracy in these 
measurements. In 3-Cp*, the long U1-N3 distance of 2.781(8) Å is consistent with a 
dative interaction, as would be expected for a neutral [MesPDIMe]0.  Upon ligand 
reduction, however, the U-N bonds change in character from dative to monoanionic, 
which is highlighted by bond shortening.  Thus, the U1-N2 and U1-N1 bond distances of 
2.337(8) and 2.156(8) Å, respectively, are on the order for uranium amides,33-35 and 
support reduction on this side of the ligand in the solid state. Taken with the intraligand 
distances, the metric parameter for 3-Cp* support a dianionic, [MesPDIMe]2-. The distances 
in 3-Cp* are also reminiscent of those in (MesDABMe)2U(THF) (MesDABMe = 
[ArN═C(Me)C(Me)═NAr], Ar = 2,4,6-trimethylphenyl (Mes)), which has been 
characterized to have dianionic [MesDABMe]2- ligands.36 
 By analogy to the reduction of 2-Cp*, treating 3-Cp* with one equivalent of KC8 
resulted in ligand reduction to generate Cp*U(MesPDIMe)(THF) (1-Cp*). Compound 1-
Cp* was previously synthesized by addition of two equivalents of KC8 to a solution of 
Cp*2UI(THF) and MesPDIMe (1:1). The former synthetic route to 1-Cp* from 3-Cp* 
resulted in similar purity and yields (84%) to the latter, but circumvents the loss of a Cp* 
ligand. Compound 1-Cp* is established to have a triply reduced [MesPDIMe]3- ligand,19 
demonstrating that reduction occurs at MesPDIMe and not the uranium center.  
With the Cp* reduction series in hand, synthesis of the same series using the less 
sterically demanding 1-(7,7-dimethylbenzyl)cyclopentadienyl (CpP) ligand was 
attempted.  Synthesis of CpPUI2(THF)x was targeted first as an entry into the reduction 
series by analogy to Cp*UI2(THF)3,21  and was possible by addition of a single equivalent 
of KCpP to a THF solution of UI3(THF)4. Following work up, the blue solid showed a 
paramagnetically shifted 1H NMR spectrum with broad resonances, most likely due to the 
dyanimc nature of the CpP ring in solution. Seven signals spanning from -24.06 to 9.54 
ppm were observed, including a resonance at -2.36 ppm for the equivalent methyl protons 
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(6H) and a broad singlet (1/2 = 294) at 0.67 ppm assigned as coordinated THF 
molecules.  
X-ray crystallography was employed to elucidate the structure and determine 
number of coordinated solvent molecules in CpPUI2(THF)x. Refinement of the data from 
single crystals grown from diethyl ether at -35 °C confirmed the product as 
CpPUI2(THF)3 (Figure 1.2, left; Table 1.1). The molecular structure shows CpPUI2(THF)3 
has a U-Ccentroid distance of 2.505 Å and U-I distances of 3.1667(16) and 3.1562(19) Å, 
which are all within range for other uranium(III) cyclopentadienyl complexes.22, 37, 38 The 
phenyl group of the CpP ring points away from the uranium center, while the two 




Figure 1.2 Molecular structures of CpPUI2(THF)3 (left), 2-CpP (middle) and 3-CpP (right) 
shown with 30% probability ellipsoids.  Hydrogen atoms and co-crystallized solvent 




Using similar conditions to those established for the synthesis of 2-Cp*, 
CpPUI2(THF)3 was treated with one equivalent of MesPDIMe to generate CpPUI2(MesPDIMe) 
(2-CpP). While analysis by 1H NMR spectroscopy did show a product with the expected 
number of resonances and symmetry for 2-CpP, inseparable side products were also 




With this finding, synthesis of 1-CpP was attempted using the previously reported 
synthesis of 1-Cp* for inspiration,19 which would require synthesis of CpP2UI(THF)x.  
Attempts to generate this by adding two equivalents of KCpP to a THF solution of 
UI3(THF)4, resulted in an immediate color change from purple to green. While analysis 
of the isolated product by 1H NMR spectroscopy revealed a paramagnetically shifted 
spectrum with the six resonances expected for the desired product, X-ray crystallographic 
analysis of suitable green crystals grown from diethyl ether at -35 °C showed the 
molecular structure to be CpP3U, rather than CpP2UI(THF)x (Figure 1.3). The U-Ccentroid 
distances range from 2.527 to 2.568 Å and are on the order of those in [{1,3-
(Me3Si)C5H3}3U] (U- Ccentroid avg = 2.54 Å).39 Interestingly, the same 1H NMR spectrum 
was obtained regardless of whether two or three equivalents of KCpP were used, but 
CpP3U is most efficiently synthesized (90% yield) by addition of three equivalents of 





Figure 1.3 Molecular structure of CpP3U shown with 30% probability ellipsoids.  
Hydrogen atoms are omitted for clarity.  Selected bond distances: U1-Ct1: 2.568; U1-




Synthesis of 2-CpP was finally possible by addition of one equivalent of MesPDIMe 
to a stirring toluene solution of UI3(THF)4, which resulted in an immediate color change 
from purple to brown (Scheme 1.1).  Following removal of the volatiles, the resulting 
brown solid was re-dissolved in toluene and treated with an equivalent of KCpP, causing 
a color change from dark brown to orange-brown. The desired product, 2-CpP, was 
isolated in 95% yield; however, failure to remove volatiles following addition of 
MesPDIMe led to a lower yield and mixture of products.  Analysis of 2-CpP by 1H NMR 
spectroscopy showed thirteen paramagnetically shifted peaks ranging from -47.26 to 
21.81 ppm.  A large resonance at -18.20 ppm integrating to 12 protons was assigned as o-
CH3 mesityl protons of MesPDIMe, and the presence of five more resonances for this 
ligand indicate a symmetric MesPDIMe ligand for 2-CpP.   
To confirm the assignment as CpPUI2(MesPDIMe) (2-CpP), analysis of a single 
crystal grown from toluene/pentane (10:1) at -35 C by X-ray crystallography was 
performed.  Refinement of the data revealed the structure to be the pyridine(diimine) 
uranium bis(iodide) species with the expected η5-CpP ligand (Figure 1.2, middle; Table 
1.1). The iodides are oriented trans with respect to each other, with an angle of 153.9(4)° 
and have U-I distances of 3.1257(9) and 3.0318(10) Å, similar to those reported for 
UI3(THF)4 (3.103(2) – 3.167(2) Å).40  The uranium center in 2-CpP sits 0.023 Å above 
the N-N-N plane of MesPDIMe. 
Although the intraligand distances are not reliable for ligand oxidation state 
assignment, as in the case of 2-Cp*, the U-N distances provide a reliable metric for 
gauging ligand reduction.  For MesPDIMe in 2-CpP, there are two long U-Nimine distances 
of 2.522(10) (U1-N1) and 2.484(9) Å (U1-N3), which are assigned as dative bonds and 
are similar to those reported for the neutral ligand in Cp*U(MesPDIMe)(NPh)2 of 2.578(5), 
2.537(5), and 2.606(5) Å.19  However, a shorter U1-N2 distance of 2.368(10) Å, similar 
to those of 2.201(3) for the trianionic chelate in 1-Cp*,19 signifies the ligand has been 
reduced by the uranium(III) center upon coordination, generating [MesPDIMe]1- supported 





Table 1.1 Bond distances (Å) for 3-Cp*, 2-CpP, 3-CpP, and CpPUI2(THF)3.  The free 




X = N 
1-CpP 
X = N 
2-CpP  
X = N 
CpPUI2(THF)3 
X = O 
U-X1 -- 2.156(8) 2.522(10) 2.500(2) 2.500(12) 
U-X2 -- 2.337(8) 2.368(10) 2.234(3) 2.569(14) 
U-X3 -- 2.781(8) 2.484(9) 2.327(3) 2.490(11) 
N1-C2 1.277(3) 1.454(12) 1.331(16) 1.317(4) -- 
C2-C3 1.495(3) 1.386(13) 1.480(18) 1.441(4) -- 
C3-C4 1.386(3) 1.509(13) 1.334(16) 1.357(5) -- 
C4-C5 1.378(3) 1.353(13) 1.384(17) 1.404(5) -- 
C5-C6 1.383(3) 1.375(13) 1.387(18) 1.354(5) -- 
C6-C7 1.388(3) 1.426(11) 1.393(16) 1.416(5) -- 
N2-C3 1.346(2) 1.379(11) 1.407(15) 1.409(4) -- 
N2-C7 1.343(3) 1.362(11) 1.385(14) 1.427(4) -- 
C7-C8 1.494(3) 1.499(12) 1.434(16) 1.378(5) -- 
N3-C8 1.276(3) 1.349(11) 1.325(14) 1.375(4) -- 
U-Ct -- 2.386 2.500 2.492 2.505 
U-I1 -- 3.1087(8) 3.1257(9) 3.0326(3) 3.1667(16) 
U1-I2 -- -- 3.0318(10) -- 3.1562(19) 
 
 
Variable temperature magnetization studies were performed on 2-CpP to further 
confirm the ligand oxidation state. The ambient temperature magnetic susceptibility for 
2-CpP (eff: 3.12 B) is significantly lower than that calculated with the Landé formula 
for either bona fide U(III) (4I9/2, 3.62 B) or U(IV) ions (3H4, 3.58 B), respectively; 
however, it is in the range observed for complexes in either formal oxidation state. 
Compound 2-CpP shows qualitatively similar magnetic behavior (Figure 1.4), with 
gradual and monotonic decreases in eff as the temperature decreases, with a slightly 
22 
 
steeper downturn below 20 K. At 5 K, the effective magnetic moment for 2-CpP is 1.25 
B. The low temperature moment is significantly smaller than that observed in true U(III) 
complexes (2.5-3B at 2 K),41-44 and larger than found in unambiguously U(IV) 
complexes (0.4-0.8 B at 2 K) with orbital singlet ground states.45, 46 In the scenario 
where the excited spins of a U(IV) ion couple antiferromagnetically with a ligand-
centered radical anion, we might expect the low-temperature effective moment to be 
somewhat smaller than the 1.73 B value calculated for an S = ½, g = 2 spin center. Thus, 




Figure 1.4 Effective magnetic moment (versus temperature) for 2-CpP and 5-CpP. 




 Following successful metallation of MesPDIMe, the reduction chemistry of 2-CpP 
was probed.  While multiple reagents were effective for reduction, addition of a single 
equivalent of sodium triethylborohydride to a stirring toluene solution of 2-CpP gave the 
cleanest product in highest yields.47 Evolution of H2 as indicated by effervescence and a 
darkening of the solution was noted over the course of the reaction.  Following work up, 
analysis by 1H NMR spectroscopy showed a new product with fourteen paramagnetically 
shifted resonances ranging from -65.44 to 73.78 ppm. Similar to 3-Cp*, four resonances 
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integrating to 6 protons each were observed, indicating a Cs symmetric molecule in 
solution and leading to the preliminary assignment as CpPUI(MesPDIMe) (3-CpP).  
X-ray quality crystals of 3-CpP obtained from a concentrated toluene/pentane 
(1:3) solution at -35 °C were analyzed.  Refinement of the data confirmed the 
pyridine(diimine) uranium iodide complex with an η5-CpP ligand (U1-Ct = 2.492 Å) 
(Figure 1.2, right; Table 1.1). The U1-I1 bond distance of 3.032(3) Å is within error of 
other U(IV) complexes with iodide ligands.24,29 The uranium center sits 0.815 Å above 
the plane of MesPDIMe. For the pyridine(diimine) chelate, ligand reduction is evident from 
examination of the intraligand bond distances in 3-CpP. These data highlight a notable 
difference between the two C-Nimine distances, where the N1-C2 distance of 1.317(4) Å is 
significantly shorter than for N3-C8 of 1.375(4) Å. Thus, while the former maintains 
double bond character, the latter has undergone reduction. This is confirmed by the 
adjacent carbon-carbon bond distances, where C2-C3 (1.441(4) Å) is similar to free 
MesPDIMe, and C7-C8 (1.378(5) Å) is contracted due to reduction. Alternating short (C3-
C4 and C5-C6) and long (C4-C5 and C6-C7) distances in the pyridine ring signify loss of 
aromaticity which can accompany a doubly reduced closed shell ligand.48 Therefore, 3-
CpP displays a greater extent of ligand reduction as compared to 2-CpP, supporting a 
ligand based reduction event and formation of dianionic [MesPDIMe]2- upon exposure to 
NaHBEt3.  Lending further support to this formulation are the U-N bond distances in 3-
CpP, where there are two short U-N bonds (U1-N2 = 2.234(3); U1-N3 = 2.327(3) Å) 
consistent with uranium-amide linkages formed from ligand reduction, and one longer 
U1-N1 bond (2.500(2) Å) for a dative interaction similar to 3-Cp*. 
Further reduction of 3-CpP was attempted to investigate the generation of an 
analogous compound to 1-Cp*.  Addition of an equivalent of KC8 to a solution of 3-CpP 
resulted in the isolation of a dark brown powder. Analysis by 1H NMR spectroscopy 
again showed fourteen broad, paramagnetically shifted peaks ranging from -109.93 to 
76.69 ppm for the Cs symmetric compound. The 1H NMR data unambiguously 
establishes the presence of both the CpP and MesPDIMe ligands, leading to the assignment 
as [CpPU(MesPDIMe)]2 (3-CpP). The absence of additional resonances indicates that no 
THF is coordinated to the uranium center.  
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The uranium derivatives of the 1-(7,7-dimethylbenzyl)cyclopentadienyl (CpP) 
ligand reported here are the first actinide complexes to utilize this framework, as this 
ligand has previously been used for transition metals49-52 and lanthanides.53 For all of the 
CpPU complexes, the standard 5-coordination mode is the only one observed, in contrast 
to the titanium(IV) compound, [CpPTi(CH3)2][B(C6F5)4], which shows 6-coordination of 
the phenyl ring to the titanium center as well.54 The family of reduced uranium 
complexes of both Cp* and CpP reported here also highlights the ability of MesPDIMe to 
exist in multiple oxidation states, serving to maintain the valency at the uranium center 
and allowing variation of the steric and electronic properties of the cyclopentadienyl 
ligand.  
 
1.4.2 Reactivity with Carbonylated Substrates 
The isolation of the family of reduced uranium complexes provides an 
opportunity to determine if the electrons stored in the ligand can be used to promote bond 
formation or activation reactions. Additionally, the influence of the steric and electronic 
variability of the cyclopentadienyl ligand on further reactivity can be evaluated.  For 
these studies, C-O bond activation of ketones and aldehydes was explored.  
Exposure of 3-CpP to an equivalent of furfural resulted in an immediate color 
change from brown to green.  Infrared spectroscopy showed no absorption assignable to a 
carbonyl, and analysis by 1H NMR spectroscopy revealed a complicated (28 resonances) 
paramagnetically shifted spectrum with peaks ranging -63 to 107 ppm.  Resonances 
integrating to three (x 10), two (x 2), and single (x 16) protons were identified, indicating 
an asymmetric molecule in solution, save the CpP-phenyl protons.  These data are 
consistent with reduction of the carbon-oxygen double bond; however, formation of a 
stable charge separated ketyl radical product was ruled out as Cs symmetry in solution 
would be expected for such a species.   
The more likely scenario is carbonyl reduction, where the reducing equivalent is 
derived from [MesPDIMe]2-, followed by radical coupling of the newly formed ketyl with 
the remaining [MesPDIMe]1-, to form CpPUI(Furf)(MesPDIMe) (4-CpP) (Scheme 1.2). 
Radical coupling with reduced carbonyl moieties has been observed for trivalent 
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Cp*2U(2,2’-bpy) (2,2’-bpy = 2,2’-bipyridine), which contains a monoanionic bipyridine 
ligand.55 Upon addition of carbonylated substrates, the carbonyls are reduced by one 
electron, and couple with the bipyridine ligand to generate a family of compounds, 
Cp*2U[(NC5H4)-NC4H3CH-CRR’O] (R = R’ = Ph; R = R’ = Me; R = H, R’ = Tolyl; R = 




Scheme 1.2 Synthesis of 4-CpP and 4-Cp* through reductive coupling of furfuraldehyde 
 
Analogous reactivity occurred with the pentamethylcyclopentadienyl complex, 3-
Cp*.  Treating a green solution of 3-Cp* with one equivalent of furfural resulted in an 
immediate color change to brown (Scheme 1.2).  Inspection with infrared spectroscopy 
revealed the disappearance of the carbonyl stretch and 1H NMR spectroscopy again 
revealed a completely asymmetric paramagnetic spectrum ranging from -23 to 103 ppm 
with a large resonance at 1.45 ppm assigned as the Cp* protons. Eight inequivalent 
methyl protons from the MesPDIMe and remaining eleven single-proton resonances led to 




Figure 1.5 Molecular structure of 4-Cp* shown with 30% probability ellipsoids.  Selected 
hydrogen atoms, aryl groups, and solvent molecules have been omitted for clarity. 
 
 
Single, X-ray quality crystals of 4-Cp* obtained from a toluene/pentane solution 
(2:1, -35 °C) were analyzed to determine the nature of the reductive coupling (Figure 
1.5).  Refinement of the data revealed a uranium iodide supported by an alkoxy-amide 
MesPDIMe ligand and capped with an η5-Cp* (U1-Ct = 2.51 Å) in a pseudo octahedral 
geometry.  The molecular structure confirms the carbon-carbon coupling between the 
furfural ketyl-carbon and the MesPDIMe imine-carbon (C8-C10 = 1.575(7) Å), and shows 
the resultant alkoxide ligand is trans to the iodide.  For the MesPDIMe ligand, two 
nitrogens are coordinated to uranium in a dative fashion (U1-N1 = 2.769(4); U1-N2 = 
2.534(2) Å) and the other nitrogen has a short U-N bond (U1-N3 = 2.293(4) Å) consistent 
with an amide linkage.  The imine opposite of the coupling shows no reduction (N1-C2 = 
1.283(8) Å), and the pyridine ring has re-aromatized.  The uranium-oxygen distance of 
2.137(4) Å is as expected for a uranium(IV) alkoxide interaction, while the carbon-
oxygen distance of the substrate shows the expected elongation (O1-C10 = 1.403(6) Å) 
for the reduction to a single bond.  The furan ring does not interact with the uranium 
center. The bond distances account for the resulting complex in 4-Cp* to be in the 
uranium(IV) oxidation state (as in the starting material, 3-Cp*), indicating all the redox 
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chemistry has been achieved by use of ligand electrons.  Further, weakly intense, sharp 
transitions (ε ~ 100 M-1cm-1) detected in the near infrared region for both 4-CpP and 4-
Cp* suggest both metal centers reside in the tetravalent oxidation state.  Complex 4-CpP 
displays an intense transition (1011 M-1cm-1, 600 nm) assigned as the color producing 
band (Figure 1.6). 
 
 
Figure 1.6 Electronic Absorption Spectra of 4-CpP (red) and 5-CpP (green) recorded 
from 300-2100 nm in tetrahydrofuran at room temperature.  Solvent overtones between 


















































Treating 1-CpP with one equivalent of benzophenone maintained the dark brown 
solution color (Scheme 1.3, top). Analysis by 1H NMR spectroscopy showed unreacted 
starting material as well as formation of a new product, 5-CpP, in a 1:1 ratio. To reach 
full conversion, two equivalents of benzophenone were added to a stirring solution of 1-
CpP, which successfully generated 5-CpP as the exclusive product. The 1H NMR 
spectrum revealed seventeen paramagnetically shifted resonances ranging from -310.96 
to 177.43 ppm. Deuterium labeling experiments using benzophenone d-10 facilitated the 
assignment of three broad resonances (6.68, 7.67, and 8.93 ppm) corresponding to the 
protons derived from benzophenone. Analysis of a KBr pellet of 5-CpP by infrared 
spectroscopy did not show a carbonyl stretch, supporting reduction of the C=O bond. 
Based on the reaction stoichiometry and spectroscopic data, 5-CpP is assigned as the 
uranium(IV) pinacolate complex, CpPU(O2C2Ph4)(MesPDIMe).   
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 To elucidate structural parameters of 5-CpP, single, X-ray quality crystals 
obtained by slow diffusion of n-hexane into a concentrated THF solution at -35° C were 
analyzed.  Refinement of the data confirmed the assignment of 5-CpP, which is 
coordinated by pyridine(diimine) and an η5-CpP ligand (U1-Ct = 2.575 Å) (Figure 1.7, 
left; Table 1.2).  The U-O distances of 2.118(3) and 2.155(3) Å are similar to those found 
in the uranium(IV) bis(pinacolate), U(O2C2Ph4)2(THF)2, reported by Ephritikhine and co-
workers.56 Due to the extreme steric hindrance in the molecule, the uranium center is 
pulled out of the plane of the pyridine(diimine) ligand by 1.099 Å. 
 Examination of the intraligand bond distances indicates that MesPDIMe is reduced 
by a single electron in 5-CpP. In comparison to the free ligand, both C-Nimine distances 
are elongated, while the adjacent C-C distances are contracted, supporting ligand 
reduction.  Furthermore, the Npyr-C distances of 1.383(7) and 1.386(7) Å are elongated as 
compared to the free ligand, but are on the order of those for in 2-CpP. This reduction 
pattern is further evident in the respective U1-N1 and U1-N3 distances of 2.607(4) and 
2.679(4) Å for MesPDIMe in 5-CpP, which are on the order of dative uranium-nitrogen 
bonds, while the U1-N2 distance (2.434(4) Å) is shorter, supporting electron occupation 






Figure 1.7 Molecular structure of 5-CpP (left) and 5-Cp* (right) shown with 30% 
probability ellipsoids.  Hydrogen atoms, selected 2,4,6-trimethylphenyl groups, and co-



















Table 1.2 Structural parameters for 4-Cp*, 5-CpP and 5-Cp*. 
 
Bond 4-Cp* 5-CpP 5-Cp* 
U-N1 2.769(4) 2.679(4) 2.527(3) 
U-N2 2.532(4) 2.434(4) 2.523(4) 
U-N3 2.293(4) 2.607(4) 2.568(4) 
N1-C2 1.283(8) 1.305(6) 1.315(6) 
C2-C3 1.493(8) 1.440(7) 1.441(6) 
C3-C4 1.389(9) 1.384(7) 1.473(6) 
C4-C5 1.372(10) 1.385(8) 1.397(7) 
C5-C6 1.377(9) 1.370(8) 1.419(7) 
C6-C7 1.400(8) 1.388(7) 1.479(7) 
N2-C3 1.345(7) 1.383(7) 1.343(6) 
N2-C7 1.340(7) 1.386(7) 1.344(6) 
C7-C8 1.509(8) 1.435(7) 1.437(6) 
N3-C8 1.492(7) 1.321(6) 1.311(6) 
U-Ct 2.51 2.575 2.592 
U-O1 2.137(4) 2.118(3) 2.151(3) 
U-O2 -- 2.155(3) 2.133(3) 







Formulation of [MesPDIMe]1- in 5-CpP is further confirmed by variable temperature 
magnetization studies (Figure 1.4). The ambient temperature magnetic susceptibility 5-
CpP is 3.27 B, which is slightly larger than for 2-CpP (eff: 3.12 B), but in the range 
expected for uranium(III) or (IV) compounds. As in the case of 2-CpP, there is a gradual 
and monotonic decreases in eff for 5-CpP as the temperature decreases, with a final 
effective magnetic moment of 1.44 B at 5 K. While the low temperature moment is 
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intermediate of U(III) and U(IV) complexes with orbital singlet ground states,45, 46 based 
on the similarity to 2-CpP, the low temperature magnetic data are consistent with a 
formal U(IV), 5 f2 site weakly interacting with a ligand radical.   
The presence of this ligand radical in 5-CpP supports that the two electrons to 
reduce both equivalents of OCPh2 to [OCPh2]1- were derived from trianionic [MesPDIMe]3- 
in 1-CpP. Thus, one reducing equivalent remains and is localized in MesPDIMe. Generating 
radical character in the benzophenone ligands results in radical coupling to form the 
pinacolate product, 5-CpP, which has been oxidized to a monoanionic [MesPDIMe]1- ligand 
and uranium(IV) center.  Thus, the tetravalent uranium center is maintained throughout 
the reaction, with redox events promoted by the ligand. 
Radical coupling mediated by electron-rich uranium species is well established, 
especially for substrates such as CO,57 NO,58 and diphenylacetylene.13  For carbonyl 
substrates, Ephritikhine reports early examples with the formation of UCl2(O2C2Ph4) and 
U(O2C2Ph4)2(THF)2 by treating UCl4 with varying amounts of Na/Hg in the presence of 
benzophenone.56 Meyer demonstrates trivalent [((AdArO)3tacn)U] can reduce 
benzophenone to form the transient uranium(IV) charge separated benzophenone radical 
species, [((AdArO)3tacn)UIV(OC•Ph2)].59 This species is unstable, and can either undergo 
radical coupling with a second equivalent through the para-phenyl carbon of activated 
benzophenone to form dimeric [((AdArO)3tacn)UIV(OCPhPh-CPh2O)UIV(AdArO)3tacn)] or 
with an H• source to form [((AdArO)3tacn)UIV(OCHPh2)]. Benzaldehyde coupling by 
Cp3U(THF) has also been reported, which produced tetravalent Cp3UOC(Ph)H-
PhCHOCp3U.60 Interestingly, 1-CpP was found to decompose when exposed to 
benzaldehyde, indicating that clean C-O bond activation by 1-CpP cannot be extended to 
aldehydes. 
Reactivity of 1-Cp* with benzophenone was tested under the same conditions as 
for 1-CpP. Addition of two equivalents of benzophenone resulted in immediate 
decomposition of 1-Cp* without formation of tractable uranium products. Given the 
electronic similarity between 1-Cp* and 1-CpP, the decomposition is most likely due to 
the increased steric bulk of the Cp* ligand as compared to CpP, which prevents formation 
of the pinacolate derivative.  
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Thus, compound 1-Cp* was treated with two equivalents of benzaldehyde, which 
caused an immediate color change from brown to green (Scheme 1.3, bottom). 1H NMR 
spectroscopy gave a spectrum of a single, paramagnetically shifted product, 5-Cp*, with 
a singlet at 12.98 ppm assigned as the equivalent Cp* protons.  Analysis of the crude 
material by IR spectroscopy confirmed absence of an absorption for a C=O double bond.  
To confirm the identity of 5-Cp*, single, X-ray quality crystals obtained from a 
concentrated toluene/pentane (4:1) solution cooled to -35 °C were analyzed. Refinement 
of the data revealed an η5-Cp* ligand (U1-Ct = 2.592 Å) bound to a uranium pinacolate 
supported by a MesPDIMe ligand (Figure 1.7, right; Table 1.2). The formerly aldehydic 
protons on the pinacolate ligand were also refined. The molecular structure shows the 
pinacolate ligand adopts a meso conformation with U-O distances (2.151(3) and 2.133(3) 
Å) similar to those in 5-CpP and U(O2C2Ph4)2(THF)2, supporting the hypothesis that 
steric bulk precludes formation of the benzophenone derivative. Similar to the case of 5-
CpP, the uranium is situated 1.032 Å above the plane of the MesPDIMe ligand. 
Examination of the metrical parameters for MesPDIMe in 5-Cp* indicates a 
potentially differing electronic structure than for 5-CpP. The N1-C2 and N3-C8 distances 
of 1.315(6) and 1.311(6) Å are similar to free MesPDIMe, supporting their double bond 
character, while the adjacent C-C distances of 1.441(6) (C2-C3) and 1.437(6) Å (C7-C8) 
show only a slight deviation from the free MesPDIMe, indicating little, if any, reduction. 
However, ligand reduction is most clear in the pyridine ring, where the C3-C4 (1.473(6) 
Å) and C6-C7 (1.479(6) Å) distances have been significantly elongated to the degree of 
C-C single bonds, while C4-C5 (1.397(7)) and C5-C6 (1.419(7)) possess multiple bond 
character. These parameters are in contrast to those noted for 5-CpP, where the bond 
distances within the pyridine ring are as expected for an aromatic system.  A consequence 
of the unusual electronic structure of MesPDIMe observed for 5-Cp* is that the uranium-
nitrogen distances show three dative linkages spanning 2.523(4)-2.568(4) Å.  Thus, the 
metrical parameters suggest a charge separated radical anion resonance form of the 
[MesPDIMe]1- ligand is the dominant form in 5-Cp* (Figure 1.7, right; Table 1.2).  As in 
the case of 5-CpP, the trianionic MesPDIMe ligand in 1-Cp* is the source of the reducing 
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equivalents for benzaldehyde activation to form 5-Cp*, which maintains a uranium(IV) 
center. 
 The difference in the reactivity of 1-CpP and 1-Cp* reveals that alteration of the 
sterics of the cyclopentadienyl ligand can greatly influence the reactivity at the metal 
center, which in turn influences the electronic structure of the resulting products. 
Examination of the electronic absorption spectra of complexes 2-Cp*, 2-CpP, 5-CpP, and 
5-Cp* highlights electron structure differences further. Complexes 2-Cp*, 2-CpP, and 5-
CpP are all dark brown, and display similar, ill-defined, relatively strong transitions (ε = 
200-888 M-1cm-1) throughout the near-infrared region (Figure 1.8). These are in sharp 
contrast to 5-Cp*, which displays a more typical U(IV) absorbance spectrum with sharp, 
weakly intense (ε = 20-50 M-1cm-1) transitions in the near-infrared region. Complex 5-
Cp* is bright green, and its electronic absorption spectrum contains two dominant 
features in the visible region assigned to the π-π* or LLCT of the pyridine radical anion 
(ε = 36430 M-1cm-1, 431 nm) and to the color producing LMCT band (5560 M-1cm-1, 602 





Figure 1.8 Electronic absorption spectra of complexes 2-Cp*, 2-CpP, 5-CpP, and 5-Cp* 




1.4.3 Reactivity Toward Two Electron Oxidants 
 Studies commenced with exploring dihalide activation by compound 1-CpP. 
Addition of one equivalent of either I2 or PhICl2 to the dark brown solution resulted in 
isolation of CpPUI2(MesPDIMe) (2-CpP) and CpPUCl2(MesPDIMe) (6-Cl2), respectively 
(Scheme 1.4). Formation of 2-CpP proceeded in near quantitative yield, and was 
confirmed by comparison of the 1H NMR spectrum to that previously published. 
Compound 6-Cl2 was isolated as a brown solid in moderate yields (40-60%), and showed 
a paramagnetic 1H NMR spectrum with twelve broadened resonances ranging from -
46.67 to 80.20 ppm, reminiscent of that for 2-CpP. The most intense singlet (-2.84 ppm) 
was assigned as the ortho-mesityl –CH3 (12H) protons, suggesting a C2v symmetric 




Scheme 1.4 Oxidative addition of X2 and PhSe-Cl by 1-CpP 
 
 
 Analysis of single crystals of 6-Cl2 suitable for X-ray diffraction revealed the 
expected trans-dichloro-uranium pyridine(diimine) complex bound by an η5-CpP (U-Ct = 
2.510 Å) ligand (Figure 1.9, left; Table 1.3).  The newly installed trans-chloride ligands 
(157.60(4)°; 2.7382(12) and 2.6246(13) Å) are similar to other uranium(IV) trans-
chloride complexes including [(Me3Si)2N]2UCl2(DME) (155.9(1)°, 2.640(3) and 2.630(3) 
Å) reported by Templeton and co-workers.63  
 Previous work from our laboratory has established that uranium-nitrogen 
distances for the pyridine(diimine) chelate are a reliable metric to determine the extent of 
ligand reduction.19, 64 The two longer U-Nimine distances (U-N1 = 2.497(4); U-N3 = 
2.440(4) Å) are consistent with dative interactions, whereas the shorter U-Npyr bond (U-
N2 = 2.402(4) Å) suggests an anionic interaction that would occur with a reduced ligand. 
These distances compare favorably to 2-CpP (U-N1 = 2.522(10); U-N2 = 2.368(10); U-
N3 = 2.484(9) Å), which is established to bear a [MesPDIMe]1- anion by variable 




Figure 1.9 Molecular structures of (left to right) 6-Cl2, 6-SePh/Cl, 6-SPh, and 6-SePh 
displayed at 30% probability level.  Hydrogen atoms, solvent molecules, selected phenyls 




 The intraligand bond distances further support the formulation of 6-Cl2 as 
containing a monoanionic ligand.  As compared to the free MesPDIMe ligand, the elongated 
C-Nimine distances (N1-C2 = 1.320(6); N3-C8 = 1.324(6) Å) and contracted adjacent 
Cimine-Cpyridine distances (C2-C3 = 1.447(7); C7-C8 = 1.438(7) Å) are indicators of 
pyridine(diimine) reduction.30 These distances are in agreement with those reported for 
CpPU(O2C2Ph4)(MesPDIMe) (N1-C2 = 1.305(6); N3-C8 = 1.321(6); C2-C3 = 1.440(7); C7-
C8 = 1.435(7) Å)64 and the mangenese(III) complex, [(OMePDIMe)2Mn(III)][PF6], 
(OMePDIMe = 2,6-bis[1-(4-methoxyphenylimino)ethyl]pyridine) (average C-Nimine = 
1.321(1); average Cimine-Cpyridine = 1.442(1) Å),65 both of which are established to have 











 In order to test the generality of the oxidative addition reaction, one equivalent of 
phenylselenyl chloride was added to a toluene solution of 1-CpP, forming 
CpPU(SePh)(Cl)(MesPDIMe) (6-SePh/Cl) in modest yields (Scheme 1.4). Characterization 
by 1H NMR spectroscopy revealed a Cs symmetric complex with seventeen 
paramagnetically broadened resonances ranging from -77.54 to 45.12 ppm.  The furthest 
upfield (1H) and downfield (6H) resonances are assigned as the p-pyridine proton and the 
equivalent imine methyl protons, respectively, suggesting radical character delocalized 
throughout the [MesPDIMe] ligand plane.32, 31, 66 No disproportionation of 6-SePh/Cl 
occurred as evidenced by the absence of 6-Cl2, in contrast to that noted in dimeric high-
valent systems.67 
 The absolute configuration of 6-SePh/Cl was confirmed by an X-ray diffraction 
analysis of single crystals. Refinement revealed a pyridine(diimine) uranium complex 
bound by an η5-CpP (U-Ct = 2.509 Å) in which the PhSeCl substrate has been added 
across the metal centre (Figure 1.9, second from left; Table 1.3).  The U-Cl distance (U-
Cl1 = 2.621(2) Å) is similar to 6-Cl2, as well as the indenyl uranium(IV) complex 
reported by Goffart and co-workers, (η5-C9H7)UCl3(THF)2 (U-Clavg = 2.609(2) Å),68  
while the uranium-selenide distance (U-Se = 2.8729(11) Å) is slightly longer than other 
uranium(IV) complexes, such as Cp*2U(SePh)2 (U-Se1 = 2.8011(7) Å)69 and Tp*2U(2-
Se2) (U-Se: 2.8147(5), 2.7745(5) Å).70 Pseudo-octahedral 6-SePh/Cl (Se1-U-Cl1 = 
160.43(6)°) has two long U-N bonds (U-N1 = 2.485(6); U-N3 = 2.491(7) Å) assigned as 
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dative interactions, as well as a short U-Npyr distance (U-N2 = 2.367(7) Å) on the order of 
an anionic bond, indicating a uranium(IV) ion with a [MesPDIMe]1- ligand. 
   With the successful oxidative addition of halide substrates, the 
bis(chalcogenides), PhEEPh (E = S, Se, Te), were tested under analogous conditions to 6-
SePh/Cl. Adding one equivalent of either PhSSPh, PhSeSePh, or PhTeTePh to a toluene 
solution of 1-CpP afforded CpPU(SPh)2(MesPDIMe) (6-SPh), CpPU(SePh)2(MesPDIMe) (6-
SePh), and CpPU(TePh)2(MesPDIMe) (6-TePh), respectively, in high yields (Scheme 1.5). 
 Complexes 6-SPh, 6-SePh, and 6-TePh were investigated by 1H NMR 
spectroscopy, which showed analogous paramagnetically shifted and broadened spectra 
with C2v symmetry for each (Figure 1.10).  All spectra have an intense resonance for the 
equivalent ortho-methyl protons of the imine-aryl substituent in the range of 2 to -9 ppm.  
Additionally, in each case, the para-pyridine proton has the most upfield shift, in the 
range of -40 to -85 ppm.  For 6-SPh and 6-SePh, the furthest downfield resonance, 44.56 
and 29.28 ppm, respectively, is assigned as the imine-methyl protons, whereas in 6-
TePh, this resonance is shifted to 3.56 ppm. The strong shifting of resonances for protons 
in the plane of the pyridine(diimine) ligand is indicative of radical delocalization 
throughout this area in solution at 23 C, causing the observed symmetry in the 1H NMR 
spectrum.32, 65 Trends of NMR resonances shifting depending on the identity of the 
arylchalcogenide have also been previously observed in complexes of the type 
Cp*2U(EPh)2 (E = S,71  Se,69 Te72 ) where both the Cp* and the –EPh resonances shift 




Figure 1.10 1H NMR spectra (C6D6, 23 °C) of 6-SPh (top), 6-SePh (middle), and 
crossover experiment (bottom; major product is 6-SPh/SePh).  Portions of the plot from -
65 to -35 ppm and 15 to 25 ppm have been removed to increase clarity.  The furthest 




 Complexes 6-EPh were independently synthesized via salt metathesis of MEPh 
(M = K, E = S, Se; M = Na, E = Te) with 2-CpP (Scheme 1.5) in greater (6-SPh) or 
similar (6-SePh, 6-TePh) yields to the oxidative addition reaction. 
 Absolute configuration of 6-SPh was confirmed by analysis of single, X-ray 
quality crystals obtained by layering a diethyl ether solution with n-pentane (-35 °C).  
Refinement of the data revealed a pyridine(diimine) uranium complex bearing trans-
phenylsulfide (S1-U-S2 = 163.82°) substituents, capped by an η5-CpP (U-Ct = 2.520 Å) 
ligand (Figure 1.9, second from right; Table 1.3).  The uranium-sulfide distances (U-S1 = 
2.7440(16); U-S2 = 2.7404(16) Å) are similar to the tetra(phenylthiolate) complex, 
U(SPh)4(py)3 (U-S: 2.717-2.764 Å), reported by Neu and co-workers.73 The newly 
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formed thiolate ligands, U-S1-C27 and U-S2-C33, possess bond angles of 113.8(2) and 
112.5(2)°, respectively, similar to the trans-phenylthiolate complex 
(Ph3PO)2U(NtBu)2(SPh)2 (U-S-Cipso = 110.6(2)°).67 As in the case of 2-CpP, 6-Cl2, and 6-
SePh/Cl, the pyridine(diimine) ligand displays two long U-Nimine distances (U-N1 = 
2.526(5); U-N3 = 2.480(5) Å) and one shorter U-Npyr distance (U-N2 = 2.375(5) Å), 
supporting a [MesPDIMe]1- anion.64  
 
 
Table 1.3 Structural parameters for 6-Cl2, 6-SePh/Cl, 6-SPh, and 6-SePh. 
Distance (Å) 
 or Angle (°) 
6-Cl2  
(X1 = X2 = Cl) 
6-SePh/Cl 
(X1 = Se; X2 = Cl) 
6-SPh  
(X1 = X2 = S) 
6-SePh  
(X1 = X2 = Se) 
U-N1 2.497(4) 2.485(6) 2.526(5) 2.529(3) 
U-N2 2.402(4) 2.367(7) 2.375(5) 2.356(3) 
U-N3 2.440(4) 2.491(7) 2.480(5) 2.531(3) 
N1-C2 1.320(6) 1.314(11) 1.301(9) 1.325(5) 
C2-C3 1.447(7) 1.459(11) 1.460(10) 1.434(6) 
C3-C4 1.396(7) 1.386(12) 1.370(10) 1.389(5) 
C4-C5 1.380(7) 1.384(12) 1.379(11) 1.375(6) 
C5-C6 1.379(7) 1.387(12) 1.363(11) 1.376(6) 
C6-C7 1.391(7) 1.389(12) 1.409(10) 1.384(5) 
N2-C3 1.378(6) 1.381(10) 1.377(9) 1.390(5) 
N2-C7 1.383(6) 1.384(11) 1.378(9) 1.386(5) 
C7-C8 1.438(7) 1.431(12) 1.448(10) 1.448(5) 
N3-C8 1.324(6) 1.319(11) 1.322(8) 1.316(5) 
U-Ct 2.510 2.509 2.520 2.542 
U-X1 2.7382(12) 2.8729(11) 2.7440(16) 2.8694(4) 
U-X2 2.6246(13) 2.621(2) 2.7404(16) 2.9032(5) 
X1-U-X2 157.60(4) 160.43(6) 163.82(5) 166.564(16) 
C27-X1-U -- 111.4(11) 113.8(2) 109.43(12) 






 Similarly, refinement of the data obtained from single, X-ray quality crystals of 6-
SePh (Figure 1.9, right; Table 1.3) revealed a complex isostructural to 6-SPh with trans-
phenylselenolate (Se1-U-Se2 = 166.564(16)°) substituents. Metrical parameters of the 
uranium-nitrogen distances suggest similar bonding and degree of ligand reduction to that 
in 6-SPh.  The U-Se distances (U-Se1 = 2.8694(4), U-Se2 = 2.9032(5) Å) are longer than 
those reported for the cis-uranium(IV) complex Cp*2U(SePh)2 (2.800, 2.801 Å)69 or 
Tp*2U(2-Se2),70 but similar to compound 6-SePh/Cl, and the trans-uranium(VI)-
diselenolate, (Ph3PO)2U(NtBu)2(SePh)2 (2.885 Å), reported by Boncella and coworkers.67 
A decrease in the angle of the newly formed phenylselenolate ligands (U-Se1-C27 = 
109.43(12)°; U-Se2-C33 = 107.90(12)°) compared to that of 6-SPh reflects the trend of 
decreasing degree of s-hybridization as the atomic number of the chalcogenide increases, 
a trend previously established for the Cp*2Sm(EPh)(THF),79  Cp*2U(EPh)2,69, 72 and 
(Ph3PO)2U(NtBu)2(EPh)267  families. 
 Further confirmation of ligand and metal oxidation states was gained using 
electronic absorption spectroscopy (Figure 1.11).  All complexes display similar strong (ε 
= 400-1100 M-1cm-1), broad absorptions throughout the near infrared region arising from 
intramolecular electron transfer (IET) between the pyridine radical and the uranium(IV) 
metal center, a phenomenon previously observed in both actinides64 and transition 
metals75 containing a ligand radical.  Complex 6-Cl2 exhibits a red-shifted IET due to the 
electron withdrawing chloride ligands.765 Each complex also contains three distinct 
transitions in the visible region (440-460 nm, 550 nm, 620-650 nm) comparable to the 




Figure 1.11 Electronic absorption spectra of 6-Cl2 (purple), 6-SePh/Cl (grey), 6-SPh 
(red), 6-SePh (blue), and 6-TePh (green) recorded in tetrahydrofuran from 300-2100 nm 





 The synthesis of 2-CpP, 6-Cl2, 6-SePh/Cl, and the 6-EPh family highlights the 
role of the redox-active MesPDIMe in oxidative addition reactions by compound 1-CpP.  In 
each case, the substrate is formally reduced by two electrons that are derived solely from 
the [MesPDIMe]3- trianion in 1-CpP.  Thus, [MesPDIMe]3- is oxidized to [MesPDIMe]1- in the 
process.  Making use of the stored reducing equivalents in the pyridine(diimine) chelate 
allows activation to occur at a mononuclear uranium species, whereas previously such 
chemistry has been observed at dinuclear uranium species.  For instance, the two electron 
reduction of PhSSPh has been accomplished by Cummins and co-workers, who reported 
the inverted sandwich dimer, (μ-C7H8)[U(N[R]Ar)2]2 (R = -C(CH3)3, Ar = 3,5-C6H3Me2), 
reacts with two equivalents of diphenyldisulfide to yield the dimeric thiolate-bridged 
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uranium(IV) complex, [U(µ-SPh)(SPh)(N[R]Ar)2]2 and toluene. In this case, the reduced 
toluene ring, along with the uranium centre, is the source of the reducing equivalents.74 
Diphenyldisulfide reduction was also observed by Evans and co-workers with the 
uranium(IV) “tuck-in tuck-over” Cp*U[μ-C5Me3(CH2)2](µ-H)2UCp*2 complex.  





Scheme 1.6 Crossover experiment to probe the mechanism of oxidative addition 
 
 
 With the ability of 1-CpP to perform two-electron reduction of 
diphenyldichalcogenides, the mechanism was explored. While trans addition products 
might immediately suggest an SN2 or radical mechanism, concerted oxidative addition 
followed by an isomerisation could also be operative. Thus, a crossover experiment was 
conducted by stirring two equivalents of 1 with a pre-mixed equimolar toluene solution 
of PhSSPh and PhSeSePh (Scheme 1.6). Analysis of the reaction mixture by 1H NMR 
spectroscopy revealed two minor products, 6-SPh (22%), 6-SePh (25%), as well as the 
major crossover product CpPU(SPh)(SePh)(MesPDIMe) (6-SPh/SePh) (50%) (Figure 1.10, 
bottom). Combining independently synthesized samples of 6-SPh and 6-SePh did not 
scramble the –EPh ligands even at elevated temperatures. Additionally, scrambling was 
also dismissed by 1H NMR spectroscopic analysis of an equimolar solution of PhSSPh 
and PhSeSePh.  While the solution phase bond strengths of PhSSPh and PhSeSePh (46 
and 41 kcal/mol, respectively)78 are slightly different, the control experiments confirm 
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the observed scrambling to form 6-SPh/SePh was unequivocally due to oxidative 
addition. Thus, oxidative addition of PhEEPh substrates by 1-CpP occurs via a radical 
mechanism, and is facilitated by reducing equivalents from [MesPDIMe]3-. 
  The major product, 6-SPh/SePh, displays Cs symmetry in the 1H NMR spectrum, 
showing twenty paramagnetically broadened resonances with five resonances integrating 
to 6 protons each.  Most interesting are those resonances furthest downfield (36.70 ppm, 
6H, imine-CH3) and upfield (-74.99, 1H, para-pyr). Compound 6-SPh/SePh has 
resonances that lie at the average of the chemical shifts of the corresponding resonances 
of 6-SPh (44.56, -83.83 ppm) and 6-SePh (29.28, -68.30 ppm). 
 
 
1.4.4 Reduction of Arylazides 
 To further probe the reducing capabilities of species 1-Cp* and 1-CpP, their 
reactivity toward arylazides was investigated. Addition of one equivalent of 2,6-
diisopropylphenylazide (N3DIPP) to a toluene solution of either 1-CpP or 1-Cp* results 
in immediate respective color changes to light brown and dark green. Extrusion of 
dinitrogen, as evidenced by effervescence of the solutions, was also noted, suggesting 
formation of the imido products, CpPU(NDIPP)(MesPDIMe) (7-CpP) and 





Scheme 1.7 Synthesis of 7-Cp* and 7-CpP through arylazide reduction 
 
 
 Analysis of 7-CpP by 1H NMR spectroscopy revealed a paramagnetically 
broadened spectrum ranging from –252 to 165 ppm. Five resonances integrating to six 
protons each were visible, indicating a Cs symmetric complex in solution. The resonances 
furthest upfield (-251.50 ppm, 1H; -54.20 ppm, 2H) and downfield (164.93, 6H) are 
assigned to the pyridine-CH and imine-CH3 protons of the MesPDIMe ligand, respectively. 
For uranium complexes bearing redox-active supporting ligands, wide ranging chemical 
shifts have previously been observed due to radical character localized on the ligand. 
Such is the case for Cp*2U(2,2’-bpy)55 and CpPU(O2C2Ph4)(MesPDIMe),64 which show 
resonances as far shifted as -94 and -311 ppm, respectively. In the latter case, the 
presence of a ligand radical has been confirmed using SQUID magnetometry as well.  
Based on the NMR chemical shifts, complex 7-CpP likely contains a monoanionic 




Figure 1.12 Molecular structures of CpPU(NDIPP)(MesPDIMe) (7-CpP) and 
Cp*U(NDIPP)(MesPDIMe) (7-Cp*)  displayed with 30% probability ellipsoids. Hydrogen 
atoms, selected 2,4,6-triphenylmethyl moieties, and cocrystallized solvent molecules 




 To support ligand reduction structurally, single, X-ray quality crystals of 7-CpP 
obtained from a concentrated n-hexane/diethyl ether (10:1) solution (-35 °C) were 
analyzed. Refinement of the data confirmed the pyridine(diimine) uranium imido 
complex bound to an η5-CpP (U-Ct = 2.560 Å) ligand (Figure 1.12).  The U-Nimido 
distance (2.021(6) Å) is similar to that observed in the uranium(IV) pyridine(diimine) 
complex (THF)(MesPDIMe)UI2(NMes) reported recently by our lab.80  The U-NPDI 
linkages (Table 1.4) are all similar, suggesting significant delocalization of the anionic 
charge of the [MesPDIMe]1- ligand.  Ligand reduction is more apparent by inspecting the 
intraligand distances, specifically the C=Nimine and Cimine-Cpyr distances.  Elongation of 
the imine bond (N3-C8 = 1.345(10) Å) and contraction of the Cimine-Cpyr bond (1.451(12) 










 Alternately, the 1H NMR spectrum of 7-Cp* at ambient temperature revealed a 
complex paramagnetic spectrum with a significantly smaller chemical shift range (-40 to 
47 ppm). Variable temperature 1H NMR studies (C7D8, -80 - 80 °C) slowed an apparent 
equilibrium process (Figure 1.13) allowing for assignment of the Cs symmetric spectrum. 
At -80 °C, the diagnostic pentamethylcyclopentadienide resonance is located at 21.14 
ppm. Upon warming, from this resonance appear two equivalent resonances (12.60 and 
11.89 ppm, 25 °C) suggesting activation of a single methyl resonance. Concomitant with 
the formation of these resonances is the formation of a significantly upfield shifted 
methylene resonance (39.02 ppm) and a very broad resonance of weaker intensity (44.90 
ppm) reminiscent of that observed by Kiplinger et al in CpMe4Et2U(N(SiMe3)2)NH formed 
via C-H bond activation by the highly reactive uranium nitride CpMe4Et2U(N)( 























Scheme 1.8 Equilibrium of 7-Cp* 
 
 
 Infrared spectroscopy was employed to aid in determination of the fate of the H· 
moiety formed via C-H bond activation. Observation of weak N-H stretches (KBr salt 
plate; 3123 cm-1) suggested activation of the Cp*-CH3 had occurred across the U=N 
imido bond. Ergo, 7-Cp* is thought to be in equilibrium at ambient temperature between 
the uranium mono(imido) and the C-H bond-activated amide (Scheme 1.8). With 
potential nitrene character observed for 7-Cp*, attempts were undertaken to force H-atom 
abstraction from an external source. Performing the addition of N3DIPP to 1-Cp* in neat 
1,4-cyclohexadiene unfortunately resulted in the same equilibrium product previously 
observed. 
 The molecular structure of 7-Cp* was also established to determine its similarity 
to 7-CpP. Refinement of data collected at 150 K on a single crystal obtained from 
concentrated diethyl ether (-35 °C) revealed the analogous uranium imido species with an 
η5-Cp* (U-Ct 2.493 Å).  The uranium-imido distance (U1-N4 = 1.998(5) Å) is similar to 
7-CpP and other uranium(IV) imido complexes.  7-Cp* displays three U-NPDI distances 
(U1-N1 = 2.580(5); U1-N2 = 2.502(6); U1-N3 = 2.583(5) Å) all significantly longer than 
observed in 7-CpP suggesting three dative interactions. Inspection of the MesPDIMe 
intraligand bond distances, however, supports ligand reduction. These distances show 
that aromaticity has been lost in the pyridine ring, as evidenced by the C3-C4 (1.467(10)) 
and C6-C7 (1.464(11) Å) bond distances, which are significantly elongated to the order 
of single bonds. This dichotomy, as compared to 7-CpP, is not dissimilar to the pattern 
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reported for the uranium pinacolate complexes bearing either the CpP or Cp* ligand, 
CpPU(O2C2Ph4)(MesPDIMe) and  Cp*U(O2C2Ph2H2)(MesPDIMe), respectively.64 Applicable 
to this instance, as well as estabilished for Cp*U(O2C2Ph2H2)(MesPDIMe), is assignment of 




Table 1.4 Structural Parameters of 7-CpP and 7-Cp*. 
Bond (Å) 7-CpP 7-Cp* 
U1-N1 2.519(8) 2.580(5) 
U1-N2 2.480(7) 2.502(6) 
U1-N3 2.477(7) 2.583(5) 
U1-N4 2.028(6) 1.998(5) 
N1-C2 1.307(13) 1.312(10) 
C2-C3 1.474(13) 1.444(10) 
C3-C4 1.362(14) 1.467(11) 
C4-C5 1.413(16) 1.410(11) 
C5-C6 1.386(16) 1.411(11) 
C6-C7 1.409(14) 1.464(11) 
N2-C3 1.356(12) 1.343(8) 
N2-C7 1.361(11) 1.347(9) 
C7-C8 1.456(14) 1.434(10) 
N3-C8 1.339(12) 1.314(10) 
U1-Ct 2.561 2.493 
 
 
 In comparing the imido substituents in the molecular structures of 7-CpP and 7-
Cp*, most notable is the orientation in comparison to the cyclopentadienyl ring. In 7-
CpP, the aryl(imido) is oriented perpendicular to the C5H4(CH2Ph) moiety. Contrarily, 
the aryl(imido) of 7-Cp* is co-planar with the pentacyclopentadienide ligand with a Cp*-
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CH3 oriented directly over the U=N imido bond. While no C-H activation is detectable in 
the crystal structure, optimal overlap between the imido nitrogen lone-pair and the Cp*-
CH3 is indicative of the facile C-H bond activation observed at ambient temperature. 
 Based on the spectroscopic and structural data, formation of 7-CpP and 7-Cp* 
proceeds by reduction of N3DIPP with electrons derived from solely the 
pyridine(diimine) framework. Thus, the uranium(IV) oxidation state is maintained 
throughout the reaction while double ligand oxidation to a [MesPDIMe]1- occurs. 
Complexes 7-CpP and 7-Cp* are significant therefore, as they represent the first 
examples of uranium imido complexes with stored radical electron density remaining on 
the supporting ligand. Previous examples of uranium imido formation by redox-active 
ligand containing species have resulted in either loss of the redox-active ligand82 or 
complete bankrupting of the electron cache in the ligand.19   
 The crystallographic data also supports that 7-CpP and 7-Cp* have different 
electronic structures, the origin of which derives from the substitution of the 
cyclopentadienyl ring.  The electron donating Cp* ligand produces a more electron-rich 
uranium center, causing the zwitterionic resonance form to be more stable via a formal 
backbonding interaction. This is in contrast to the dimethylbenzyl substituent on CpP, 
which generates a more electron poor uranium center, reducing backbonding and 





Figure 1.14 Electronic absorption spectra of CpPU(NDIPP)(MesPDIMe) (7-CpP) (blue) and 
Cp*U(NDIPP)(MesPDIMe) (7-Cp*)  recorded in THF at ambient temperature. Solvent 




 This difference in electronic structure is evident by electronic absorption 
spectroscopy upon analysis of THF solutions of 7-CpP and 7-Cp* from 300-2100 nm at 
ambient temperature (Figure 1.14). Complex 7-Cp* displays an intense (ε = 11,372 M-
1cm-1) absorption at 665 nm. The local minimum observed at 510 nm explains the green 
color of 7-Cp*, while the absorption spectrum of 7-CpP is significantly less robust.  A 
striking difference for the two compounds is evident in the near infrared region where 7-
Cp* shows weakly intense (ε = 30-65 M-1cm-1; Figure 1.14) but sharp f-f transitions 
opposed to 7-CpP which displays an ill-defined, intense transition (λmax = 1865 nm; ε = 
870 M-1cm-1) throughout the region assigned as an intramolecular electron transfer band 
previously observed in uranium(IV) complexes with the same electronic structure.  The 
lack of this band for 7-Cp* as well as the aforementioned UV-Vis absorptions suggest a 




Figure 1.15 Variable temperature electronic absorption spectrum of 
Cp*U(NDIPP)(MesPDIMe) (7-Cp*) recorded in toluene from 320-900 nm in the 
temperature range of -80 °C to 80 °C. The red trace represents 80 °C while the blue trace 
represents -80 °C. The intermittent grey lines represent 10 °C increments. Each scan was 




 To further probe the electronic structure of 7-Cp*, variable temperature electronic 
absorption spectroscopy was employed between the temperature of -80 °C and 80 °C 
(Figure 1.15). At -80 °C, the λmax of the visible region is located at 683 nm. As the 
temperature is warmed to 80 °C, this absorption is gradually hypsochromically shifted to 
655 nm (Δ = 28 nm) and may suggest a conformation change in the complex in 
agreement with the 1H NMR spectrum. Further, 7-Cp* displays slight negative 
solvatochromism at room temperature in changing from toluene to tetrahydrofuran 
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solvent (Δ = 10 nm). These findings are consistent with the dynamic equilibrium 




 In conclusion, a series of reduced pyridine(diimine) uranium(IV) species with 
either the Cp* or CpP framework have been generated from uranium(III) starting 
materials. The entries in the series differ in the extent of pyridine(diimine) ligand 
reduction, which was made possible by treatment with potassium graphite.  While 
analogous members of each series appear to be quite similar in their electronics and 
metrical parameters, the reactivity of the trianionic [MesPDIMe]3- compounds with 
carbonylated substrates differs.  With the sterically smaller CpP derivative, a new 
pinacolate compound is formed by benzophenone coupling, whereas reactivity with 
aldehydes results in decomposition.  For the larger Cp* derivative, benzophenone is too 
bulky to react, but analogous coupling chemistry is possible with benzaldehyde.  In the 
latter case, an unusual electronic structure for [MesPDIMe]1- is noted and formulated based 
on the metrical parameters.  For two electron oxidants, the CpP analogue was found to 
perform oxidative addition through a radical pathway. When exposed to aryldiazenes, 
both reduced species form the corresponding mono(imido) complexes through two 
electron substrate reduction. 
 The findings presented here highlight the ability of the pyridine(diimine) ligand to 
exist in multiple oxidation states, which in turn maintains the +4 valency of the uranium 
center.  The trianionic ligands serve as electron sources to reduce a variety of bonds, and 
are oxidized over the course of the reactions.  The redox-active MesPDIMe ligand 
facilitates multi-electron chemistry at uranium, while investigating the effect of steric 
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF URANIUM 
BIS(IMIDO) COMPLEXES DERIVED FROM THE REDUCTION OF ARYLAZIDES 




 Arylazide and diazene activation by highly reduced uranium(IV) complexes 
bearing trianionic redox-active pyridine(diimine) ligands, [CpPU(MesPDIMe)]2 (1-CpP), 
Cp*U(MesPDIMe)(THF) (1-Cp*) (CpP = 1-(7,7-dimethylbenzyl)cyclopentadienide; Cp* = 
η5-1,2,3,4,5-pentamethylcyclopentadienide), and Cp*U(tBu-MesPDIMe)(THF) (1-tBu) 
(2,6-((Mes)N=CMe)2-p-R-C5H2N, Mes = 2,4,6-trimethylphenyl; R = H, MesPDIMe; R = 
C(CH3)3, tBu-MesPDIMe) has been investigated. While 1-Cp* and 1-CpP readily reduce 
N3R (R = Ph, p-tolyl) to form trans-bis(imido) species, CpPU(NAr)2(MesPDIMe) (Ar = Ph, 
8-CpP; Ar = p-Tol, 9-CpP) and Cp*U(NPh)2(MesPDIMe) (8-Cp*), only 1-Cp* can cleave 
diazene N=N double bonds to form the same product. Complexes 8-Cp*, 8-CpP, and 9-
CpP are uranium(V) trans-bis(imido) species supported by neutral [MesPDIMe]0 ligands 
formed by complete oxidation of [MesPDIMe]3- ligands of 1-CpP and 1-Cp*. Variation of 
the arylimido substituent in 8-Cp* from phenyl to p-tolyl, forming 
Cp*U(NTol)2(MesPDIMe) (9-Cp*), changes the electronic structure, generating a 
uranium(VI) ion with a monoanionic pyridine(diimine) radical. The tert-butyl substituted 
analogue, Cp*U(NTol)2(tBu-MesPDIMe) (9-tBu), displays the same electronic structure. 
Oxidation of the ligand radical in 9-Cp* and 9-tBu by Ag(I) forms cationic uranium(VI) 
[Cp*U(NTol)2(MesPDIMe)][SbF6] (10-Cp*) and [Cp*U(NTol)2(tBu-MesPDIMe)][SbF6] (10-
tBu), respectively, as confirmed by metrical parameters. Conversely, oxidation of 
62 
 
pentavalent 8-Cp* with AgSbF6 affords cationic [Cp*U(NPh)2(MesPDIMe)][SbF6] (11-
Cp*) from a metal-based U(V)/U(VI) oxidation. 
 Intermediate species in diazene reduction were investigated using trivalent 
Tp*2U(CH2Ph) (Tp* = hydrotris(3,5-dimethylpyrazolyl)borate) and Tp*2U(2,2’-bpy). 
Both perform the two electron reduction of diazenes affording η2-hydrazido complexes 
Tp*2U(AzBz) (12-AzBz) (AzBz = azobenzene) and Tp*2U(BCC) (12-BCC) (BCC = 
benzo[c]cinnoline) in contrast to low-valent precursors of the bis(Cp*) (Cp* = 1,2,3,4,5-
pentamethylcyclopentadienide) ligand framework. The four electron cleavage of diazenes 
to give trans-bis(imido) species using 1-Cp* proceeds via concerted addition at a single 
uranium center supported by both a crossover experiment and through addition of an 
asymmetrically substituted diazene, Ph-N=N-Tol. Further investigation of 1-Cp* and its 
substituted analogue 1-tBu) (tBu-MesPDIMe = 2,6-((Mes)N=CMe)2-p-C(CH3)3-C5H2N), 
with benzo[c]cinnoline revealed the four electron cleavage occurs first by a single 
electron reduction of the diazene with the redox chemistry performed solely at the redox-
active pyridine(diimine) to form dimeric [Cp*U(BCC)(MesHPDIMe)]2 (14) and 
Cp*U(BCC)(tBu-MesPDIMe) (15). While a transient pyridine(diimine) triplet diradical in 
the formation of 14 results in H-atom abstraction and p-pyridine coupling, the tert-butyl 
moiety in 15 allows for electronic rearrangement to occur, precluding deleterious 
pyridine-radical coupling. The monomeric analogue of 14, Cp*U(BCC)(MesPDIMe) (16) 
was synthesized via salt metathesis from Cp*UI(MesPDIMe) (3-Cp*). All complexes have 
been structurally characterized by X-ray crystallography with assignments confirmed by 
multi-dimensional NMR, electronic absorption, and electron paramagnetic resonance 
spectroscopies. The valency at uranium has been probed using X-ray absorption 
spectroscopy. Further, the electronic structures of 3-Cp*, 14 and 16 have been 








 Redox non-innocent ligands have grown in popularity in recent years due to their 
ability to mediate reactions that would otherwise not be possible.1,2 Their unique chemical 
properties and reactivity are useful in synthetic applications;3-6 however, understanding 
the exact role of these ligands in such transformations can be difficult owing to their 
redox flexibility, often generating derivatives whose electronic structures are difficult to 
characterize.7-11  One of the best studied examples is that of the pyridine(diimine) ligand, 
which rose to fame due to its ability to support highly active ethylene polymerization 
catalysts.12,13 Since this time, this ligand system has been established to exist in a variety 
of oxidation states and electronic structures, depending on whether it is chelated to a p-
block,14,15 d-block,3,16 or f-block metal.17-19  
 The popularity of such a ligand stems from its ability to mediate multi-electron 
transfer reactions, which have broad applications in many areas, including small 
molecule activation, catalysis, and bioinorganic chemistry. Pairing this framework with 
an electron-rich metal like uranium results in highly reducing dimers that perform eight- 
and twelve-electron transfers.17 Introducing further variation with additional ancillary 
ligands offers steric blocking and tunability at these large metal centers. In 2013, our 
laboratory reported the synthesis of Cp*U(MesPDIMe)(THF) (1-Cp*), which is a 
uranium(IV) species bearing a triply reduced pyridine(diimine) chelate, [MesPDIMe]3-.19 
This electron rich uranium compound effectively cleaves the N=N double bond of 
azobenzene, resulting in formation of the uranium(V) trans-bis(imido), 
Cp*U(NPh)2(MesPDIMe) (8-Cp*).19 This four-electron reduction is accomplished using 
one electron from uranium and all three reducing equivalents from [MesPDIMe]3-, leaving 
an overall neutral MesPDIMe chelate, [MesPDIMe]0. Treating 1-Cp* with an oxygen transfer 
reagent generates the uranyl analogue, Cp*UO2(MesPDIMe), formed from another four 
electron transfer. In this case, spectroscopic and structural analyses support a 
uranium(VI) ion ligated by a pyridine(diimine) ligand radical, [MesPDIMe]1-, supporting 
two electron oxidation events occurred at both the ligand and metal.  
 Given the drastic change in ground state electronic structure that results with only 
small changes of uranium substituents, we sought to explore the effect of ligand 
64 
 
substitution further. Changing the substitution of the cyclopentadienyl ring, from five 
methyl groups to a single dimethylbenzyl group leads to the 1-Cp* analogue, 
[CpPU(MesPDIMe)]2 (1-CpP).20 Based on the superior electron donating ability of 1-Cp*, 
we hypothesized there would be a difference in reactivity of 1-CpP towards diazenes as 
compared to 1-Cp* owing to the poorly electron donating character of the CpP ligand.  
Herein, we present our studies examining the differences in reactivity of 1-Cp* and 1-
CpP towards strong oxidants such as PhN=NPh, TolN=NTol, N3Ph, and N3Tol, with the 
effects of imido substituent and pyridine(diimine) ligand substitution also examined. Our 
findings suggest that subtle differences in electron donating capability associated with the 
cyclopentadienyl rings impart marked changes in reactivity, facilitating synthesis of a 
family of uranium bis(imido) products that can exist in three different electronic structure 
classifications.  
 While the actinides are not known to engage in backbonding to the same extent as 
transition metals, the large size and highly reducing nature of these elements, and more 
specifically uranium, makes them viable candidates to perform N-N cleavage.43 Uranium 
is also advantageous due to its available oxidation states, such that cleavage of a diazene 
(often a model for dinitrogen) by a low-valent center could be accommodated to form the 
corresponding high-valent uranium bis(imido) species.  Such is the case in the synthesis 
of the uranium(VI) cis-bis(imido), Cp*2U(NPh)2. Although first generated by Burns and 
co-workers via organoazide oxidation of the uranium(IV) imido, 
[Li(TMEDA)][(Cp*2U(NPh)Cl],47 later studies showed that Cp*2U(NPh)2 can also be 
achieved by azobenzene cleavage by a variety of low-valent starting materials, which act 
as “[Cp*2U]” synthons, including Cp*3U,48 Cp*2U(η6:η6-C6H6)UCp*2,49 Cp*2U(BPh4),48 
Cp*U[μ-C5Me3(CH2)2](μ-H)2UCp*2,50 and Cp*2UCl(NaCl)/Na(Hg).51 Mechanistic 
support for the N-N cleavage came from generation of a fleeting side-on bound 
uranium(IV) hydrazido intermediate, Cp*2U(η2-N2Ph2)51 derived from protonation of 
Cp*2UMe2 by PhNHNHPh, which proceeds to the cis-bis(imido) product.52 Mechanistic 
experiments employing the mixed hydrazine, PhNHNH-p-MePh, suggest a concerted 
process, as Cp*2U(NPh)(N-p-MePh) is isolated as the sole product.52 This pioneering 
work sparked subsequent studies examining the formation of uranium complexes 
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featuring side-on, η2-hydrazido ligands,53,54 lending additional support to the proposed 
“Cp*2U(η2-N2Ph2)” intermediate.  
In related work by our laboratory, we have studied uranium(IV) hydrazido species 
supported by the hydrotris(3,5-dimethylpyrazolyl)borate ligand, namely Tp*2U(N2CPh2) 
and Tp*2U(N2CHSiMe3), which were constructed via diazoalkane reduction.55 Because 
Tp* is more sterically demanding than Cp*, these derivatives were found as the end-on, 
η1-hydrazido species at room temperature in solution. Fortunately, evidence for a side-on, 
η2-hydrazido species was obtained for Tp*2U(N2CPh2),  both in solution below -5 C and 
from X-ray diffraction analysis of crystals grown at -35 C. Interestingly, in contrast to 
what was noted by Burns, no N-N cleavage was ever observed, despite the reduced N-N 
bond distance. 
In our hands, N-N bond cleavage has only been observed upon treating low-valent 
uranium starting materials bearing highly reduced redox-active ligands with an equivalent 
of diazene, generating uranium trans-bis(imido) species in a variety of electronic 
structures. For example, uranium(IV) precursors Cp*U(MesPDIMe)(THF) (3) and 
Cp*U(tBu-MesPDIMe)(THF) (1-tBu) bearing triply reduced pyridine(diimine) ligands29 
cleave Ar-N=N-Ar (Ar = p-Tol, Ph) to form novel bis(imido) species.56 These ligands 
perform redox chemistry cooperatively with electrons shuttled from both the metal and 
ligand.24  
 Based on these preliminary results, we aimed to explore the reductive capabilities 
of low-valent uranium complexes toward N-N bonds, and also to further probe the 
stability of uranium(IV) hydrazido species, which are often invoked as intermediates in 
the four electron cleavage of azobenzene. First, the synthesis and characterization of 
elusive uranium(IV) hydrazido species are facilitated by the sterically bulky Tp* 
supporting ligands. Second, concomitant studies focused on understanding the reductive 
capabilities of 1-Cp* and 1-tBu toward diazenes for the formation of uranium(IV) 
hydrazido complexes are discussed. Finally, the possibility for a second two-electron 
reduction of diazene to form uranium trans-bis(imido) species is examined, and 
mechanistic support to demonstrate concerted addition at a monomeric uranium 
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compound is provided. Full spectroscopic and structural characterization of all 




 All air- and moisture-sensitive manipulations were performed using standard 
Schlenk techniques or in an MBraun inert atmosphere drybox with an atmosphere of 
purified nitrogen. The MBraun drybox was equipped with a cold well designed for 
freezing samples in liquid nitrogen as well as two −35 °C freezers for cooling samples 
and crystallizations. Solvents for sensitive manipulations were dried and deoxygenated 
using literature procedures with a Seca solvent purification system.21 Benzene-d6 and 
chloroform-d were purchased from Cambridge Isotope Laboratories, dried with 
molecular sieves and sodium (C6D6) or CaH2 (CDCl3), and degassed by three freeze–
pump–thaw cycles. Celite was dried by heating to 120 °C under vacuum overnight. 
Azobenzene (Sigma-Aldrich), silver hexafluoroantimonate (Alfa Aesar), 
Benzo[c]cinnoline (VWR), and azobenzene (Sigma-Aldrich) were used as received. 
Arylazides,22 1,2-bis(4-methylphenyl)-diazene (Tol-N=N-Tol),23 Cp*U(MesPDIMe)(THF) 
(1-Cp*),19 Cp*U(tBu-MesPDIMe)(THF) (1-tBu),24 [CpPU(MesPDIMe)]2 (1-CpP),20 AgBPh4,25 
Tp*2U(CH2Ph) (1a),57 Tp*2U(2,2’-bpy) (1b),58 Cp*UI(MesPDIMe) (3-I),20 1,2-di-p-
tolyldiazene (Tol-N=N-Tol),23 and 1-phenyl-2-(p-tolyl)diazene (Ph-N=N-Tol)60 were 
prepared according to literature procedures or as elsewhere described in this thesis.  
 1H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at 
299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H 
(residual) chemical shifts of the solvent as a secondary standard. The spectra for 
paramagnetic molecules were obtained by using an acquisition time of 0.5 s, thus the 
peak widths reported have an error of ±2 Hz. For paramagnetic molecules, the 1H NMR 
data are reported with the chemical shift, followed by the peak width at half height in 
hertz, the integration value, and, where possible, the peak assignment. Elemental analyses 
were performed by Complete Analysis Laboratories, Inc., Parsippany, NJ or Galbraith 
Laboratories, Inc. (Knoxville, TN). Electronic absorption spectroscopic measurements 
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were recorded at 294 K in sealed 1 cm quartz cuvettes with a Cary 6000i UV-Vis-NIR 
spectrophotometer. Infrared spectra were recorded using either a Perkin-Elmer FT-IR 
Spectrum RX I or Nicolet 6700 FT-IR spectrometer. Samples were prepared on KBr salt 
plates. A full description of X-ray absorption spectroscopic experimental details are 
provided in the supporting information. 
 All voltammetric data were obtained under inert atmosphere conditions using 
external electrical ports of the MBraun drybox using a Gamry Instruments Interface 1000 
model potentiostat with the Gamry Instruments Laboratory software. Data were acquired 
in acetonitrile with 0.1 M [Bu4N][PF6] as the supporting electrolyte without internal 
resistance corrections. Solutions were measured in 4 dram cells, consisting of a 3 mm 
glassy carbon working electrode, a Pt wire counter electrode, and an Ag wire quasi-
reference electrode. Potential corrections were performed at the end of the experiment 
using the Fc0/+ couple as the internal standard. 
 The LUMO depiction of benzo[c]cinnoline (Scheme 2.7) was generated using 
GaussView 5.61 EPR samples of 14-16 were prepared in sealed J-Young EPR tubes and 
data were reproduced over a minimum of two samples in toluene. The EPR sample of 
K(benzo[c]cinnoline) was prepared by addition of potassium graphite (0.081 mmol) to a -
35 °C THF solution (2 mL) of benzo[c]cinnoline (0.089 mmol), filtration, and dilution 
with toluene. EPR samples of 8-CpP, 8-Cp*, 9-CpP, 9-Cp*, and 10-Cp* were recorded 
both at ambient temperature and 6 K and reproduced over three samples. Concentrations 
and experimental parameters for all EPR experiments are provided in captions of Figures 
2.7, 2.8, and 2.18. 
 Single crystals of 9-Cp*, 12-BCC, 13-Ph/Tol, 14, 15, and 16 suitable for X-ray 
diffraction were coated with poly(isobutylene) oil in a glovebox and quickly transferred 
to the goniometer head of a Nonius KappaCCD image plate diffractometer equipped with 
a graphite crystal, incident beam monochromator. Preliminary examination and data 
collection were performed with Mo K radiation (λ = 0.71073 Å). In a similar fashion, 
single crystals of 1-CpP, 9-tBu, and 10-tBu suitable for X-ray diffraction were transferred 
to the goniometer head of a Rigaku Rapid II image plate diffractometer equipped with a 
MicroMax002+ high intensity copper X-ray source with confocal optics.  Preliminary 
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examination and data collection were performed with Cu K radiation (λ = 1.54184 Å). 
Single crystals of 10-Cp* and 11-Cp* were transferred to a Bruker AXS D8 Quest 
CMOS diffractometer equipped with a complementary metal−oxide−semiconductor 
(CMOS) detector and an I-μ-S Mo Kα microsource X-ray tube (λ = 0.71073 Å) operated 
at 50 kV and 1 mA with laterally graded multilayer (Goebel) mirror X-ray optics. 
Crystals of Tp*2U([η2-N,N’-(C6H5-N-N-C6H5)) (12-AzBz) were transferred to the 
goniometer head of a Bruker APEX II CCD diffractometer at 100 K using 
monochromatic Mo K radiation ( = 0.71073 Å) with the omega scan technique. 
Structures were solved with SHELXS62 and refined using the graphical user interface 
ShelXle27 for the refinement program SHELXL.63 
 The U L3,2-edge X-ray measurements were carried out on uranium samples that 
had been triply contained. Samples were prepared under a nitrogen atmosphere. The 
samples were diluted with boron nitride (BN), which was dried at elevated temperature 
(200 °C) under vacuum (10-3 Torr) for 24 h prior to use. A mixture of the analyte and BN 
were weighed out, such that the edge jump for the absorbing atom was calculated to be at 
1 absorption length in transmission (~ 30 to 50 mg of sample and 50 to 30 mg of BN). 
Samples were ground using a Wiggle Bug® using a Teflon bead and a polycarbontate 
capsule. The finely ground powders were pressed as a pellet into a slotted aluminum 
sample holder equipped with a Kapton windows (1.0 mm), one was fixed with super glue 
and the other was with Kapton tape. This primary holder was nested within a secondary 
aluminum holder equipped with Kapton (2.0 mm) windows that were sealed with indium 
wire. The samples were sealed in ziplock bags, placed in sealed polypropylene jars, and 
shipped to SSRL. Once unpackaged, the samples were immediately attached to the 
coldfinger of a liquid N2 cryostat and quickly evacuated (10-7 Torr). The cryostat was 
attached to the beamline 11-2 XAFS rail (SSRL), which was equipped with three 
ionization chambers through which nitrogen gas was continually flowed. One chamber 
(10 cm) was positioned before the cryostat to monitor the incident radiation (I0). The 
second chamber (30 cm) was positioned after the cryostat so that sample transmission (I1) 
could be evaluated against I0 and so that the absorption coefficient (μ) could be calculated 
as ln(I0/I1). The third chamber (I2; 30 cm) was positioned downstream from I1 so that the 
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XANES of a calibration foil could be measured against I1. A potential of 1600 V was 
applied in series to the ionization chambers. Samples were calibrated in-situ to the energy 
of the first inflection point of the K-edge of an yttrium foil (17038.4 eV).  
 The X-ray absorption near edge spectra (XANES) were measured at the Stanford 
Synchrotron Radiation Lightsource (SSRL) under dedicated operating conditions (3.0 
GeV, 5%, 500 mA using continuous topoff injections) on end station 11-2. This 
beamline, which was equipped with a 26-pole, 2.0 tesla wiggler, utilized a liquid 
nitrogen-cooled double-crystal Si[220] monochromator and employed collimating and 
focusing mirrors. A single energy was selected from the white beam with a liquid-N2-
cooled double-crystal monochromator utilizing Si[220] (φ = 0) crystals. Harmonic 
rejection was achieved by detuning the second crystal of the monochrometer by 35% at 
17766 eV. The horizontal and vertical slit sizes were 10 and 1 mm, respectively. 
 Magnetic susceptibility data were collected on at least two independently 
prepared solid samples for 3-Cp*, 14, and 16 using a Quantum Design MPMS XL 
SQUID magnetometer. All sample preparations were performed inside a dinitrogen-filled 
glovebox (MBraun Labmaster 130). Powdered microcrystalline samples were loaded into 
polyethylene bags and sealed in the glovebox, inserted into a straw, and transported to the 
magnetometer under nitrogen. Ferromagnetic impurities were checked through a variable 
field analysis (0 to 10 kOe) of the magnetization at 100 K: curvature in the M vs H plot 
between 0 and ~2000 Oe indicates the presence of ferromagnetic impurities. When this 
behavior was observed, susceptibility data were collected at magnetic fields where the 
field dependence is linear (5000 Oe for these compounds). Magnetic susceptibility data 
were collected at temperatures ranging from 2 K (4 K for compound 16) to 300 K. 
Susceptibility data reproducibility was assessed through measurements on two different 
batches for compounds 3-Cp*, 14 and 16, where the maximum difference observed was 
0.10 cm3·K/mol at 225 K for complex 3-Cp*. Magnetization measurements were 
collected at 1.8 K at applied fields ranging from 0 to 50 kOe. Data were corrected for the 
diamagnetic contributions of the sample holder and bag by subtracting empty containers; 
corrections for the sample were calculated from Pascal’s constants.64 
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Synthesis of CpPU(NPh)2(MesPDIMe) (8-CpP). A 20 mL scintillation vial was charged 
with 0.109 g (0.133 mmol) of [CpPU(MesPDIMe)]2 and 4 mL of toluene. While stirring, 
0.032 g (0.269 mmol) of phenylazide was added resulting in the liberation of N2(g). After 
15 min, volatiles were removed in vacuo. The resulting solid was washed with cold n-
pentane (-35 ºC) to afford dark brown solid (0.109 g, 0.109 mmol, 82%) assigned as 
CpPU(NPh)2(MesPDIMe). Elemental analysis of C53H56N5U: Calculated, C, 63.59; H, 5.64; 
N, 7.00.  Found, C, 63.49; H, 5.79; N, 6.92. 1H NMR (C6D6, 25 °C) δ = -16.63 (74, 2H, 
Ar-CH), -12.44 (80, 1H, Ar-CH), -11.70 (108, 4H, Ar-CH), -7.03 (3, 2H, Ar-CH), -5.21 
(52, 6H, CH3), -4.15 (62, 6H, CH3), -3.28 (55, 2H, Ar-CH), -1.58 (22, 2H, Ar-CH), 0.01 
(94, 4H, Ar-CH), 3.99 (22, 2H, Ar-CH), 4.46 (16, 2H, Ar-CH), 11.32 (48, 4H, Ar-CH), 
22.24 (163, 12H, o-Ar-CH3), 28.25 (28, 6H, CH3), 30.73 (4, 1H, Ar-CH). 
Alternate synthesis of Cp*U(NPh)2(MesPDIMe) (8-Cp*). A 20 mL scintillation vial was 
charged with 0.100 g (0.118 mmol) of 1-Cp* and 4 mL of toluene. While stirring, 0.029 
g (0.243 mmol) of phenylazide was added resulting in liberation of N2(g). After 5 min, 
volatiles were removed in vacuo. The resulting solid was washed with cold n-pentane (-
35 °C) to afford dark brown solid (0.067 g, 0.070 mmol, 59%) confirmed as 
Cp*U(NPh)2(MesPDIMe) by 1H NMR spectroscopic analysis. 
Synthesis of CpPU(NTol)2(MesPDIMe) (9-CpP). Prepared analogously to 8-CpP with p-
TolN3 (dark brown powder; yield, 82%). Elemental analysis of C55H60N5U: Calculated, 
C, 64.19; H, 5.88; N, 6.80.  Found, C, 63.88; H, 5.87; N, 6.49. 1H NMR (C6D6, 25 °C) δ 
= -11.56 (100, 12H, o-Ar-CH3), -5.37 (76, 4H, Ar-CH), -4.10 (32, 6H, CH3), -0.06 (260, 
4H, Ar-CH), 0.43 (80, 2H, Ar-CH), 4.07 (129, 4H, Ar-CH), 4.56 (77, 2H, Ar-CH), 6.30 
(855, 2H, Ar-CH), 7.40 (558, 2H, Ar-CH), 14.67 (200, 2H, Ar-CH), 14.98 (84, 6H, CH3), 
17.16 (16, 1H, Ar-CH), 22.08 (61, 1H, Ar-CH), 23.25 (159, 6H, CH3), 29.31 (975, 6H, 
CH3). 
Synthesis of Cp*U(NTol)2(MesPDIMe) (9-Cp*). A 20 mL scintillation vial was charged 
with 1-Cp* (0.225 g, 0.266 mmol) and 10 mL of toluene. While stirring, Tol-N=N-Tol 
(0.056 g, 0.266 mmol) was added. After stirring for 15 min, volatiles were removed in 
vacuo.  The resulting solid was recrystallized from a saturated pentane solution at -35 ºC 
to afford dark brown solid (0.212 g, 0.216 mmol, 81%) assigned as 
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Cp*U(NTol)2(MesPDIMe). Single, X-ray quality crystals were grown from a concentrated 
toluene/n-pentane (1:10) solution at -35 °C. Elemental analysis of C51H60N5U: 
Calculated, C, 62.44; H, 6.16; N, 7.14.  Found, C, 62.27; H, 6.34; N, 7.03. 1H NMR 
(C6D6, 300 MHz, 25 °C) δ = 1.39 (s, 3H, N=CCH3), 1.64 (s, 3H, N=CCH3), 1.99 (s, 6H, 
Ar-CH3), 2.04 (s, 6H, Ar-CH3), 2.22 (s, 6H, Ar-CH3), 3.12 (s, 6H, Tol-CH3), 4.15 (d, J = 
5, 1H, m-pyr-CH), 4.51 (s, 15H, Cp*), 5.54 (m, 1H, p-pyr-CH), 5.96 (d, J = 8, 4H, Tol-
CH), 6.70 (d, J = 16, 1H, pyr-CH), 6.81 (s, 2H, m-Ar-CH), 6.82 (s, 2H, m-Ar-CH), 7.45 
(d, J = 8, 4H, Tol-CH). 13C NMR (C6D6, 126 MHz, 25 °C)  = 8.69 (Cp*-CH3), 18.21 
(N=CCH3), 18.56 (ptol-CH3), 19.37 (N=CCH3), 19.65 (Mes-CH3), 20.80 (Mes-CH3), 
21.44 (Mes-CH3), 30.18 (m-pyr-CH), 111.51 (p-pyr-CH), 124.20 (ptol-CH), 124.65 (m-
pyr-CH), 125.70, 129.34, 129.52, 132.84, 133.79, 134.60, 135.02, 135.94, 136.37, 140.14 
(ptol-CH), 146.07 (C=N-C), 155.30, 166.54 (N=CCH3), 171.25 (N=CCH3). 
Synthesis of Cp*U(NTol)2(tBu-MesPDIMe) (9-tBu). Prepared analogously to 9-Cp* with 
Tol-N=N-Tol (brown powder; yield, 56%). Single, X-ray quality crystals were obtained 
from a concentrated n-pentane solution at -35 °C. Elemental analysis of C59H68N5U: 
Calculated, C, 63.69; H, 6.61; N, 6.75. Found, C, 63.67; H, 6.63; N, 6.95. 1H NMR 
(C6D6, 500 MHz, 25 °C)  = 1.35 (s, 9H, tBu-CH3), 1.70 (s, 3H, N=CCH3), 1.75 (s, 3H, 
N=CCH3), 2.00 (s, 6H, CH3), 2.04 (s, 6H, CH3), 2.22 (s, 6H, CH3), 3.12 (s, 6H, p-tol-
CH3), 4.18 (s, 1H, m-pyr-CH), 4.50 (s, 15H, Cp*), 5.89 (d, J = 8.0, 4H, o-tol-CH), 6.65 
(s, 1H, m-pyr-CH), 6.83 (s, 2H, m-Ar-CH), 6.83 (s, 2H, m-Ar-CH), 7.43 (d, J = 8.0, 4H, 
m-tol-CH). 13C NMR (C6D6, 25 °C)  = 8.73 (Cp*-CH3), 18.19 (ptol-CH3), 18.31 
(N=CCH3), 18.58 (CH3), 19.37 (N=CCH3), 19.64 (CH3), 20.83 (CH3), 28.83 (C(CH3)3), 
29.83 (m-pyr-CH), 35.35 (C(CH3)3), 116.16 (m-pyr-CH), 124.14 (ptol-CH), 125.33, 
125.70, 129.51 (Ar-CH), 129.53 (Ar-CH), 133.07, 133.54, 134.63, 134.89, 135.82, 
136.34, 140.12 (ptol-CH), 146.42, 155.27, 167.85 (N=CCH3), 170.44 (N=CCH3). 
Synthesis of [Cp*U(NTol)2(MesPDIMe)][SbF6] (10-Cp*). A 20 mL scintillation vial was 
charged with Cp*U(NTol)2(MesPDIMe) (0.114 g, 0.116 mmol) and 5 mL THF. While 
stirring, AgSbF6 was added, and the mixture was stirred for 2 hr. The solution was 
filtered over Celite, and volatiles were removed in vacuo. The resulting solid was washed 
with n-pentane until the washings were clear and dried to yield brown powder (0.095 g, 
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0.078 mmol, 67%) assigned as [Cp*U(NTol)2(MesPDIMe)][SbF6]. Single, X-ray quality 
crystals precipitated from a concentrated THF/diethyl ether (3:1) solution stored at room 
temperature. Elemental analysis of C51H60N5SbF6U: Calculated, C, 50.34; H, 4.97; N, 
5.76. Found, C, 50.10; H, 5.18; N, 6.26. 1H NMR (C6D6, 300 MHz, 25 °C)  = 1.63 (s, 
12H, o-Ar-CH3), 2.02 (s, 6H, CH3), 2.13 (s, 6H, CH3), 3.20 (s, 6H, p-tol-CH3), 4.96 (s, 
15H, Cp*), 5.02 (d, J = 8, 4H, p-tol-CH), 6.64 (s, 4H, m-Ar-CH), 7.49 (d, J = 8, 4H, p-
tol-CH), 8.91 (d, J = 8, 2H, m-pyr-CH), 9.22 (t, J = 8, 1H, p-pyr-CH). 13C NMR (CDCl3, 
126 MHz, 25 °C)  = 7.81 (Cp*-CH3), 18.11 (ptol-CH3), 18.83 (o-Mes-CH3), 19.77 
(CH3), 20.63 (CH3), 124.01 (ptol-CH), 130.13 (m-Mes-CH), 130.63, 132.33 (m-pyr-CH), 
137.17, 139.16 (ptol-CH), 139.52, 139.92, 143.40, 144.07 (ptol-CH), 155.06 (C-
N=(Me)(Pyr)), 157.48 (N=C-Cpyr), 177.67 (N=CCH3). 
Synthesis of [Cp*U(NTol)2(tBu-MesPDIMe)][SbF6] (10-tBu). Prepared analogously to 
10-Cp* from 9-tBu (brown powder; yield, 94%). Single, X-ray quality crystals of the 
analogous tetraphenylborate complex precipitated from a concentrated 
THF/hexamethyldisiloxane (3:1) solution stored at room temperature. Elemental analysis 
was obtained from this sample C79H88N5B1U: Calculated, C, 69.95; H, 6.54; N, 5.16. 
Found, C, 70.42; H, 6.32; N, 4.86. 1H NMR (C6D6, 300 MHz, 25 °C)  = 1.75 (s, 12H, o-
Ar-CH3), 2.04 (s, 9H, C(CH3)3, 2.23 (s, 6H, CH3), 2.45 (s, 6H, CH3), 3.26 (s, 6H, ptol-
CH3), 5.05 (s, 15H, Cp*), 5.08 (d, J = 7.8, 4H, o-tol-CH), 6.73 (s, 4H, m-Ar-CH), 7.49 (d, 
J = 7.8, 4H, m-tol-CH), 8.98 (s, 2H, m-pyr-CH). 13C NMR (CDCl3, 25 °C)  7.50 (Cp*-
CH3), 18.16 (ptol-CH3), 18.65 (o-Mes-CH3), 20.19 (CH3), 20.75 (CH3), 30.43 (C(CH3)3), 
36.68 (C(CH3)3), 123.50 (o-tol-CH), 129.37 (m-pyr-CH), 130.18 (Mes-CH), 137.58, 
138.73 (m-tol-CH), 138.88, 140.25, 142.85, 155.66 (C-N=(Me)(Pyr)), 157.03 (N=C-
Cpyr), 168.43 (p-pyr-CH), 176.78 (N=CCH3). 
Synthesis of [Cp*U(NPh)2(MesPDIMe)][SbF6] (11-Cp*). Prepared analogously to 10-
Cp* from 8-Cp* (red-brown powder; yield, 89%). Single, X-ray quality crystals were 
obtained by slow diffusion of n-pentane into a concentrated THF solution of 11-Cp*. 
Elemental analysis of C49H56N5SbF6U: Calculated, C, 49.51; H, 4.75; N, 5.89. Found, C, 
49.04; H, 4.79; N, 5.38. 1H NMR (C6D6, 300 MHz, 25 °C)  = 1.60 (s, 12H, o-Ar-CH3), 
1.98 (s, 6H, CH3), 2.13 (s, 6H, CH3), 5.08 (s, 15H, Cp*), 5.08 (4H, o-Ph-CH), 5.08 (2H, 
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p-Ph-CH) 6.63 (s, 4H, m-Ar-CH), 7.70 (t, J = 8.1, 4H, m-Ph-CH), 8.85 (d, J = 8.1, 2H, m-
pyr-CH), 9.19 (t, J = 8.1, 1H, p-pyr-CH). 13C NMR (C6D6, 25 °C)  = 7.49 (Cp*-CH3), 
18.77 (o-Mes-CH3), 19.79 (CH3), 20.68 (CH3), 124.32 (m-Ph-CH), 129.21, 130.17 (Mes-
CH), 130.63, 132.39 (m-pyr-CH), 137.29, 139.53 (o-Ph-CH), 140.59 (p-Ph-CH), 143.34, 
144.09 (p-pyr-CH), 154.94 (C-N=(Me)(Pyr)), 158.79 (N=C-Cpyr), 177.79 (N=CCH3). 
Synthesis of [Cp*U(NTol)2(tBu-MesPDIMe)][BPh4] A 20 mL scintillation vial was 
charged with Cp*U(tBu-MesPDIMe)(THF) (1-tBu) (0.140 g, 0.156 mmol) and 5 mL 
toluene. While stirring, Tol-N=N-Tol (0.033 g, 0.157 mmol) was added resulting in an 
immediate darkening of the solution. After 5 min, volatiles were removed in vacuo. The 
resulting solid was redissolved in 5 mL THF and AgBPh4 (0.066 g, 0.155 mmol) was 
added and stirred for 3 hr. The solution was then filtered over Celite and dried. The crude 
solid was washed with n-pentane until the washing ran clear and dried to afford red-
brown solid (0.207 g, 0.153 mmol, 98%) assigned as [Cp*U(NTol)2(tBu-
MesPDIMe)][BPh4]. 1H NMR (CDCl3, 500 MHz, 25 °C) δ = 1.71 (s, 9H, C(CH3)3), 1.77 (s, 
12H, o-CH3), 2.18 (s, 6H, CH3), 2.57 (s, 6H, CH3), 3.54 (s, 6H, ptol-CH3), 4.85 (d, J = 
7.5, 4H, ptol-CH), 5.36 (s, 15H, Cp*), 6.97 (t, J = 7.0, 4H, BPh4-p-CH), 7.11 (s, 4H, m-
CH), 7.14 (t, J = 7.0, 8H, BPh4-m-CH), 7.42 (d, J = 8.0, 4H, ptol-CH), 7.52 (m, 8H, 
BPh4-o-CH), 8.62 (s, 2H, m-pyr-CH). 13C NMR (CDCl3, 126 MHz, 25 °C) δ = 7.34 
(Cp*-CH3), 18.24 (ptol-CH3), 18.71 (o-Ar-CH3), 20.22 (CH3), 20.87 (CH3), 30.61 
(C(CH3)3), 36.55 (C(CH3)3), 121.70 (BPh4-p-CH), 123.52 (ptol-CH), 125.64, 127.97(m-
pyr-CH), 129.96 (m-Ar-CH), 130.36 (BPh4-m-CH), 136.46 (BPh4-o-CH), 137.98, 138.92 
(ptol-CH), 139.10, 141.09, 142.65, 155.87 (C-N=(Me)(Pyr)), 157.23 (N=C-Cpyr), 164.49 
(BPh4-ipso-CH), 168.18 (p-pyr-CH), 176.13 (N=CCH3). 11B NMR (CDCl3, 161 MHz, 25 
°C)  = -6.33. 
Synthesis of Tp*2U[η2-N,N’-(C6H5-N-N-C6H5)] (12-AzBz) from Tp*2U(CH2Ph). A 
20-mL scintillation vial was charged with Tp*2U(CH2Ph) (0.140 g, 0.208 mmol) and 10 
mL THF and chilled to -35 °C. While stirring, azobenzene (0.038 g, 0.208 mmol) was 
added resulting in a gradual color change from dark green to brown over a few minutes. 
After 1 hr, volatiles were removed in vacuo and the crude mixture was washed with n-
pentane to afford yellow-brown powder (0.141 g, 0.141 mmol, 92% yield) assigned as 
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Tp*2U[η2-N,N’-(C6H5-N-N-C6H5)] (12-AzBz). Single, X-ray quality crystals were 
obtained from a concentrated THF solution stored at -35 °C. Elemental analysis of 
C42H54N14B2U: Calculated, C, 49.72; H, 5.36; N, 19.33. Found, C, 49.12; H, 5.54; N, 
19.00. 1H NMR (C6D6, 25 °C): δ = -57.25 (9, 6H, Tp*-CH3), -30.00 (181, 2H, ArH), -
18.69 (5, 6H, Tp*-CH3), -12.44 (3, 2H, ArH), -11.95 (5, 6H, Tp*-CH3), -10.62 (34, 2H, 
ArH), -4.19 (4, 2H, ArH), -1.02 (8, 6H, Tp*-CH3), 0.00 (4, 6H, Tp*-CH3), 10.09 (t, J = 7, 
2H, Ph-p-CH), 32.77 (4, 2H, ArH), 33.26 (33, 2H, ArH), 66.50 (12, 6H, Tp*-CH3), 84.04 
(35, 2H, ArH). 11B NMR (C6D6, 25 °C) δ = -90.32. IR (KBr Salt Plate) ν = 2552, 2521 
cm-1 (B-H). 
Synthesis of Tp*2U(BCC) (12-BCC) from Tp*2U(CH2Ph). A 20-mL scintillation vial 
was charged with Tp*2U(CH2Ph) (0.100 g, 0.110 mmol) and 5 mL THF and chilled to -
35 °C. While stirring, benzo[c]cinnoline (0.020 g, 0.111 mmol) was added resulting in a 
rapid color change from dark green to red-brown. After 1 hr, volatiles were removed in 
vacuo. The crude mixture was washed with cold n-pentane to afford dark powder (0.085 
g, 0.085 mmol, 77%) assigned as Tp*2U(BCC) (12-BCC). Single, X-ray quality crystals 
were obtained from a concentrated diethyl ether/THF (1:3) solution stored at -35 °C. 
Elemental analysis of C42H52N14B2U: Calculated, C, 49.82; H, 5.18; N, 19.37. Found, C, 
49.07; H, 4.81; N, 18.03. 1H NMR (C6D6, 25 ºC) δ = -28.52 (8, 6H, Tp*-CH3), -20.48 
(20, 2H, BCC-ArH), -17.94 (18, 2H, BCC-ArH), -14.58 (154, 2H, BH), -11.69 (3, 6H, 
Tp*-CH3), -4.13 (3, 6H, Tp*-CH3), -3.28 (3, 2H, Tp*-CH), 0.24 (3, 6H, Tp*-CH3), 0.72 
(4, 2H, Tp*-CH), 5.04 (6, 6H, Tp*-CH3), 20.88 (3, 2H, Tp*-CH), 22.24 (t, J = 5, 2H, 
BCC-ArH), 32.89 (d, J = 8, 2H, BCC-ArH), 33.72 (8, 6H, Tp*-CH3). 11B NMR (C6D6, 
25 °C) δ = -52.40. IR (KBr Salt Plate) ν = 2556, 2526 cm-1 (B-H). 
Synthesis of Cp*U(NPh)(NTol)(MesPDIMe) (13-Ph/Tol). A 20 mL scintillation vial was 
charged with Cp*U(MesPDIMe)(THF) (1-Cp*) (0.145 g, 0.172 mmol) and 5 mL of 
toluene. While stirring, Ph-N=N-Tol (0.034 g, 0.173 mmol) was added and stirred for 5 
min. After removal of volatiles in vacuo, the product was washed with cold n-pentane 
and dried to afford brown powder (0.128 g, 0.132 mmol, 77%) assigned as 
Cp*U(NPh)(NTol)(MesPDIMe) (13-Ph/Tol). Single, X-ray quality crystals were obtained 
from a concentrated diethyl ether solution at -35 °C. Elemental analysis of C50H58N5U: 
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Calculated, C, 62.10; H, 6.05; N, 7.24. Found, C, 62.62; H, 6.42; N, 7.48. 1H NMR 
(C6D6, 25 °C) δ = -10.34 (60, 6H, CH3), -5.23 (60, 2H, ArH), -4.36 (60, 1H, ArH), -3.64 
(22, 15H, Cp*), 0.07 (30, 2H, ArH), 0.53 (65, 2H, CH3), 0.71 (47, 2H, CH3), 2.76 (46, 
2H, ArH), 6.32 (17, 2H, ArH), 8.54 (290, 6H, CH3), 10.95 (23, 2H, ArH), 12.58 (70, 2H, 
ArH), 14.87 (59, 3H, Tol-CH3), 22.68 (112, 6H, CH3), 28.63 (393, 6H, CH3). 
Crossover experiment between Cp*U(MesPDIMe)(THF), Ph-N=N-Ph and Tol-N=N-
Tol. A 20 mL scintillation vial was charged with Cp*U(MesPDIMe)(THF) (1-Cp*) (0.050 
g, 0.059 mmol) and 5 mL of toluene. In a separate vial, Ph-N=N-Ph (0.005 g, 0.027 
mmol) and Tol-N=N-Tol (0.006 g, 0.029 mmol) were dissolved in 3 mL of toluene and 
added dropwise to the first vial with stirring. After 15 min, volatiles were removed in 
vacuo. 1H NMR analysis of the crude mixture revealed Cp*U(NPh)2(MesPDIMe) (8-Ph) 
and Cp*U(NTol)2(MesPDIMe) (9-Tol), as compared to authentic samples. Complex 13-
Ph/Tol was not observed. 
Synthesis of [Cp*U(BCC)(MesHPDIMe)]2 (14). A 20 mL scintillation vial was charged 
with Cp*U(MesPDIMe)(THF) (1-Cp*) (0.125 g, 0.148 mmol) and 5 mL of toluene. While 
stirring, benzo[c]cinnoline (0.027 g, 0.150 mmol) was added and stirred for 15 min. After 
removal of volatiles in vacuo, the product was recrystallized from concentrated n-pentane 
and dried to afford brown powder (0.105 g, 0.055 mmol, 74%) assigned as 
[Cp*U(BCC)(MesHPDIMe)]2 (14).  Single, X-ray quality crystals were obtained from 
concentrated THF solution layered with n-pentane at -35 °C. Elemental analysis of 
C98H110N10U2: Calculated, C, 61.82; H, 5.82; N, 7.36. Found, C, 61.63; H, 5.67; N, 7.51. 
1H NMR (C6D6, 25 ºC) δ = -211.62 (249, 4H, BCC-ArH), -153.27 (240, 4H, BCC-ArH), 
-32.28 (70, 6H, CH3), -20.24 (20, 6H, CH3), -7.98 (11, 6H, CH3), -0.98 (10, 2H, ArH), 
0.06 (13, 6H, CH3), 1.11 (20, 30H, Cp*), 4.49 (9, 6H, CH3), 4.76 (7, 6H, CH3), 5.65 (9, 
2H, ArH), 6.75 (10, 2H, ArH), 8.69 (16, 2H, ArH), 10.09 (24, 6H, CH3), 12.57 (10, 2H, 
ArH), 18.79 (124, 6H, CH3), 28.65 (24, 2H, ArH), 32.98 (28, 2H, ArH), 37.31 (32, 2H, 
ArH), 56.57 (240, 4H, BCC-ArH), 60.11 (480, 4H, BCC-ArH). 
Synthesis of Cp*U(BCC)(tBu-MesPDIMe) (15). A 20 mL scintillation vial was charged 
with Cp*U(tBu-MesPDIMe)(THF) (1-tBu) (0.145 g, 0.161 mmol) and 5 mL of toluene. 
While stirring, benzo[c]cinnoline (0.029 g, 0.161 mmol) was added and stirred for 5 min. 
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After removal of volatiles in vacuo, the product was recrystallized from a concentrated n-
pentane solution to afford brown powder (0.105 g, 0.104 mmol, 65%) assigned as 
Cp*U(BCC)(tBu-MesPDIMe) (15).  Single, X-ray quality crystals were obtained from a 
concentrated toluene/n-pentane solution (2:1) at -35 °C. Elemental analysis of 
C53H62N5U: Calculated, C, 63.21; H, 6.21; N, 6.95. Found, C, 62.94; H, 6.27; N, 7.10. 1H 
NMR (C6D6, 25 ºC) δ = -138.23 (t, J = 7, 2H, BCC 2,9-ArH), -112.48 (d, J = 8, 2H, BCC 
4,7-ArH), -5.74 (d, J = 23, 1H, ArH), -4.09 (d, J = 23, 1H, ArH), -0.13 (6, 3H, CH3), 0.64 
(4, 9H, C(CH3)3), 0.66 (7, 3H, CH3), 4.09 (6, 1H, ArH), 4.22 (4, 15H, Cp*), 4.60 (4, 3H, 
CH3) 6.82 (5, 3H, CH3), 8.00 (17, 1H, ArH), 8.06 (4, 3H, CH3) 12.38 (15, 3H, CH3), 
12.86 (14, 1H, ArH), 17.48 (9, 1H, ArH), 34.23 (d, J = 7, 2H, BCC 1,10-ArH), 36.18 (t, J 
= 7, 2H, BCC 3,8-ArH), 135.20 (20, 3H, CH3), 181.81 (28, 3H, CH3). 
Synthesis of Cp*U(BCC)(MesPDIMe) (16). A 20 mL scintillation vial was charged with 
benzo[c]cinnoline (0.028 g, 0.155 mmol) and 5 mL of THF. While stirring, potassium 
graphite (0.021 g, 0.155 mmol) was added, resulting in an immediate color change to 
vibrant green. This green solution was added dropwise to a vial containing 
Cp*UI(MesPDIMe) (0.139 g, 0.155 mmol) (3-Cp*) in THF (5 mL) resulting in immediate 
color change to dark brown. After 15 min, volatiles were removed in vacuo. The product 
was extracted into diethyl ether, filtered over Celite, and dried to afford brown powder 
(0.135 g, 0.142 mmol, 92%) assigned as Cp*U(BCC)(MesPDIMe) (16). Single, X-ray 
quality crystals were obtained from a concentrated hexamethyldisiloxane/n-pentane (1:5) 
solution stored at -35 °C. Elemental analysis of C49H54N5U: Calculated, C, 61.88; H, 
5.72; N, 7.36. Found, C, 60.76; H, 6.06; N, 7.28. 1H NMR (C6D6, 25 ºC) δ = -216.46 (66, 
2H, BCC 2,9-ArH), -158.04 (45, 2H, BCC 4,7-ArH), -30.35 (19, 6H, CH3), -3.17 (39, 
6H, CH3), -1.51 (62, 6H, CH3), -0.79 (10, 2H, ArH), 1.95 (14, 15H, Cp*), 2.66 (3, 6H, 
CH3), 4.77 (6, 2H, ArH), 12.91 (81, 2H, m-pyr-CH), 15.38 (202, 1H, p-pyr-CH), 60.89 
(16, 2H, BCC 1,10-ArH), 62.73 (16, 2H, BCC 3,8-ArH). 
Synthesis of Tp*2U[η2-N,N’-(C6H5-N-N-C6H5)] (12-AzBz) from Tp*2U(2,2’-bpy). A 
20-mL scintillation vial was charged with Tp*2U(2,2’-bpy) (0.206 g, 0.208 mmol) and 10 
mL THF. While stirring, azobenzene (0.038 g, 0.208 mmol) was added. The reaction 
mixture was stirred for 2 hr resulting in a color change from red-brown to yellow-brown. 
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After removal of solvent in vacuo, the crude mixture was washed with n-pentane. 
Crystallization from THF afforded yellow-brown crystals (0.202 g, 0.200 mmol, 96% 
yield) assigned as Tp*2U[η2-N,N’-(C6H5-N-N-C6H5)] (12-AzBz).  
Synthesis of Tp*2U(BCC) (12-BCC) from Tp*2U(2,2’-bpy). A 20-mL scintillation vial 
was charged with Tp*2U(2,2’-bpy) (0.150 g, 0.152 mmol) and 5 mL toluene. While 
stirring, benzo[c]cinnoline (0.027 g, 0.150 mmol) was added. The reaction mixture was 
stirred for 18 hr resulting in a color change from red-brown to red-purple. After removal 
of solvent in vacuo, the crude mixture was washed with n-pentane to afford dark powder 
(0.122 g, 0.120 mmol, 79%) assigned as Tp*2U(BCC) (12-BCC). 
 
2.4. Results and Discussion 
 
2.4.1. Synthesis and Characterization of Bis(imido) Complexes 
 Based on our previous findings describing successful azobenzene activation by 1-
Cp*, initial studies focused on further characterization of 1-CpP so that direct 
comparison of Cp ligands could be made and analogous reactivity evaluated. Although 
the synthesis and spectroscopic characterization of 1-CpP was previously reported20 and 
predicted to be the monomeric base free analogue of 1-Cp*, its molecular structure 
remained elusive due to the inability to grow suitable crystals for X-ray diffraction 
analysis. After repeated attempts, single, X-ray quality crystals of 1-CpP precipitated 
after four days from a concentrated THF/n-pentane (2:1) solution at -35 °C. Surprisingly, 
refinement of the data revealed a 1:1 co-crystallized mixture of [CpPU(MesPDIMe)]2 (1-
CpP) and previously identified [(MesPDIMe)U(THF)]2,17 each of which contains an 
inversion center. Analysis of the mother liquor by 1H NMR spectroscopy revealed 
various isomers of dimeric 1-(7,7-dimethylbenzyl)cyclopentadiene, suggesting 1-CpP 
gradually decomposes via homolytic cleavage of CpP to form the thermodynamically 





Figure 2.1 Bond length comparison (Å) of pyridine(diimine) ligands in cocrystallized 
[CpPU(MesPDIMe)]2 (1-CpP) (black) and [(MesPDIMe)U(THF)]2 (magenta). 
 
 
 In the molecular structure of 1-CpP, each uranium is bound by a pyridine(diimine) 
as well as an η5-CpP ligand (Figures 2.1 and 2.2). The uranium-centroid distance (2.540 
Å) is similar to those observed in the uranium(IV) analogues CpPU(X)2(MesPDIMe) (X = 
I,8 Cl, SPh, SePh;29 U-Ct range: 2.500 – 2.542 Å), while the U-N distances are nearly 
identical to isoelectronic [(MesPDIMe)UI]2,17 confirming a trianionic chelate. Similar to 
both [(MesPDIMe)UI]2 and  [(MesPDIMe)U(THF)]2, the uranium centers in 1-CpP are 
bonded to the pyridine ring of the opposing half, 0.851 Å above the plane of the three 
chelating nitrogen atoms. Here, this interaction is best described as η3 (U1-Ct(C4i-C5i-C6i) = 
2.694 Å), rather than the η5 interaction noted for [(MesPDIMe)UI]2 and 
[(MesPDIMe)U(THF)]2. This decreased hapticity of the pyridine ring is also reflected by an 
increased U1-U1i distance (6.971 Å) as compared to [(MesPDIMe)UI]2 and 
[(MesPDIMe)U(THF)]2 (3.741 and 3.668 Å, respectively).18 Vapor pressure lowering 
experiments suggest the dimerization of 1-CpP is maintained in solution. This is 
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consistent with the calculated energies of dimerization for structurally similar 
[(MesPDIMe)UI]2 and [(MesPDIMe)U(THF)]2 of -116.0 and -144.4 kcal/mol, respectively. It 
is likely that the dimeric nature of 1-CpP should not preclude reactivity toward diazenes 




Figure 2.2 Molecular structure of 1-CpP displayed with 30% probability ellipsoids. 2,4,6-
trimethylphenyl substituents, hydrogen atoms, co-crystallized THF, and 
[(MesPDIMe)U(THF)]2 have been omitted for clarity. 
 
 
 With the molecular structure of 1-CpP confirmed, its reactivity was tested by 
adding one equivalent of PhN=NPh. No reaction occurred, even after heating the mixture, 
which caused decomposition of 1-CpP with no evidence for azobenzene consumption or 
formation of the desired uranium(V) bis(imido) compound, CpPU(NPh)2(MesPDIMe) (8-
CpP). Addition of two equivalents of the more reactive phenylazide, N3Ph, furnished 8-
CpP, as evident from N2(g) evolution and darkening of the solution (Scheme 2.1). 
Confirmation of brown 8-CpP was obtained by 1H NMR spectroscopy, which showed a 
paramagnetically broadened and shifted C2v symmetric spectrum with fifteen resonances 
(-17 to 30 ppm), similar to Cp*U(NPh)2(MesPDIMe) (8-Cp*).19 The analogous phenylazide 
activation can also be performed to generate 8-Cp* from 1-Cp*. 
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 Isolation of 8-CpP indicates that steric hindrance does not prevent diazene 
activation; instead, the inability of 1-CpP to activate diazenes is likely due its diminished 
reducing ability in comparison to 1-Cp*, which is expected given that the dimethylbenzyl 
substituent is much less electron donating than the five methyl groups of Cp*. Overall, 
generation of 8-CpP and 8-Cp* occurs from a four electron transfer, with three electrons 
obtained from oxidation of [MesPDIMe]3- to neutral [MesPDIMe]0 and one electron derived 
from oxidation from U(IV) to U(V). 
 
 
Scheme 2.1 Synthesis of bis(imido) complexes 8 and 9 bearing the CpP and Cp* ligands 
via arylazide and diazene reductions. 
 
 
 While multi-electron activation of two equivalents of organoazide is the favored 
route for 1-CpP, using only one equivalent of N3Ph, does not produce the corresponding 
uranium mono(imido), CpPU(NPh)(MesPDIMe), but instead results in one-half equivalent 
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of 8-CpP and one-half equivalent of unreacted 1-CpP, suggesting a facile second two-
electron redox process. 
 
 
Figure 2.3 First reduction of azobenzene and Tol-N=N-Tol. Left: azobenzene. Sweeps 
obtained at 50, 100, 250, 500, and 1000 mv/s (blue to red, respectively) (Conditions: 
ambient temperature, 5.49 x 10-3 M in MeCN, 0.1 M Bu4NPF6). Middle: Comparison of 
first reduction potential (100 mv/s) of azobenzene (blue) and Tol-N=N-Tol (red). Right: 
Tol-N=N-Tol with same sweeps rates as Ph-N=N-Ph (Conditions: ambient temperature, 
3.17 x 10-3 M in MeCN, 0.1 M Bu4NPF6). 
 
 
 The effect of the variation of the diazene or azide substituent on the resulting 
bis(imido) electronic structure was probed. 1,2-bis(4-methylphenyl)-diazene (Tol-N=N-
Tol) was an attractive choice due to its structural similarity but more negative reduction 
potential as compared to azobenzene (-1.604 and -1.746 V, vs. Fc/Fc+). Not surprisingly, 
1-CpP was unreactive toward Tol-N=N-Tol, with no observation of the corresponding 
bis(imido) complex; however, two equivalents of para-tolylazide (p-tolN3) cleanly 
generated CpPU(NTol)2(MesPDIMe) (9-CpP) (Scheme 2.1), which has an analogous 1H 
NMR spectrum to 8-CpP. 
 To confirm that 8-Cp*, 8-CpP, and 9-CpP are isoelectronic, electronic absorption 
spectroscopy was employed (Figure 2.5, top). Data were collected from 280-1800 nm in 
THF at ambient temperature. All complexes display broad, featureless spectra throughout 
the visible regions as well as a pair of weakly intense, sharp absorbances in the near-
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infrared regions indicative of uranium(V) ions. For 8-Cp*, these absorptions appear at 
1615 (ε = 388.34 M-1cm-1) and 1657 nm (ε = 106.27 M-1cm-1), while for 8-CpP and 9-
CpP the energies of these absorptions are slightly blue shifted. For 8-CpP and 9-CpP, the 
higher energy absorbance is hypochromically shifted as compared to 8-Cp*, consistent 
with decreasing electron donation of CpP as compared to Cp*. Similar f-f transitions and 
trends in extinction coefficients have been noted for the uranium(V) mono(imido), 
Cp*2U(NDIPP)(X),30 mono(oxo), N*3UO(X) (N* = N(SiMe3)2), and bis(halide), N*3UX2 
(X = halide, psuedohalide, alkyl, or aryl) species.31 By charge balance considerations, 8-
CpP and 9-CpP contain neutral pyridine(diimine) ligands, as in 8-Cp*. It should be noted 
that the increased electron donicity from the para-methyl in 9-CpP does not influence the 
overall electronic structure, maintaining the 5f 1 ground state.  
 In contrast to 1-CpP, treating a toluene solution of 1-Cp* with an equivalent of 
Tol-N=N-Tol resulted in an immediate reaction as indicated by darkening of the solution 
(Scheme 2.1). Following work-up, analysis of the brown powder by 1H NMR 
spectroscopy revealed fourteen sharp resonances ranging from 1.39-7.45 ppm consistent 
with a Cs symmetric product in solution and formation of Cp*U(NTol)2(MesPDIMe) (9-
Cp*) (Figure 2.4). The observed sharpness and peak distribution for 9-Cp* diverge from 
the broad, ill-defined resonances observed for 8-Cp*, 8-CpP, and 9-CpP, suggesting a 
different electronic structure and is reminiscent of that observed for  Cp*UI(MesPDIMe), 
featuring a closed-shell pyridine(diimine) dianion, which ranges from -2.21-7.96 ppm (25 
°C, C6D6).20 
 Consistent with the Cs assignment for 9-Cp*, there is an intense singlet assignable 
to the pentamethylcyclopentadienyl protons (15H, 4.51 ppm), while three resonances (6H 
each) are assigned to the aryl-CH3 protons (Figure 2.4, top). A pair of resonances 
integrating to three protons each results from inequivalent imine methyl protons in the 
plane of the pyridine. Aryl(imido) resonances are observed at 3.12 (CH3), 5.96 (d, J = 8), 
and 7.45 (d, J = 8) ppm. Two pairs of doublets (4.15, 6.70 ppm) and a multiplet (5.54 
ppm) confirm asymmetry in the pyridine(diimine) chelate.  
 The chemical shift of these pyridine resonances warranted further investigation by 
2D NMR spectroscopy. An HMQC spectrum revealed the pyridine-CH resonances 
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(confirmed by DEPT-135 experiments) of 4.15 (m), 5.54 (p), and 6.70 (m) ppm 
correspond to respective 13C chemical shifts of 30.18, 111.51, and 124.65 ppm. These 
values suggest an increase in sp3 character on only one of the m-carbons (13C = 30.18 
ppm) due to significant charge build-up. This localized electron density is evident from 
the 1H-1H coupling constants as well. Because the doublets for the Cmeta-H (J = 16, 5) 
protons is inconsistent with ortho-coupling, the Cmeta-Cpara-Cmeta linkage is best described 
as allylic, CmetaH=CparaH-CmetaH, with localized electron density on a single carbon. The 
NMR spectroscopic data of 9-Cp* are reminiscent of those observed for both 
Cp*UO2(MesPDIMe) and Cp*UO2(tBu-MesPDIMe), each of which has been fully 
characterized and is best described as a uranium(VI) uranyl species bearing a singly 




Figure 2.4 1H NMR spectra (C6D6, 25 °C) of 9-Cp* (top) and 10-Cp* (bottom) reported 
in ppm. Residual solvent resonances have been omitted to improve clarity.  
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 The formation of 9-Cp* proceeds by a four-electron transfer, with two reducing 
equivalents derived each from the uranium(IV) center and from [MesPDIMe]3- of 1-Cp*, 
leaving a U(VI) ion and [MesPDIMe]1-, as with Cp*UO2(MesPDIMe). This contrasts with the 
formation of the uranium(V) analogues, 8-Cp* and 8-CpP, where the [MesPDIMe]3- 
electron reservoir is depleted. The [MesPDIMe]1- in 9-Cp* is enforced by the electron-
donating p-methyl substituents, whereas unsubstituted phenyls lack the electron donating 
ability required to stabilize such a reduced ligand.  
 
 
Figure 2.5 Electronic absorption spectra of bis(imido) complexes collected from 280-
2100 nm in THF at ambient temperature (solvent overtones are present from 1670 to 
1760 nm). Top: Uranium(V)-[MesPDIMe]0 complexes 8-Cp*, 8-CpP, and 8-CpP; Middle: 
Uranium(VI)-[MesPDIMe]1- complexes 9-tBu and 9-Cp*; Bottom: Uranium(VI)-





 To confirm MesPDIMe reduction in 9-Cp*, X-ray diffraction studies were 
performed on suitable crystals of this material obtained from a concentrated toluene/n-
pentane solution (1:10, -35 °C). Refinement of the data revealed a pyridine(diimine) 
uranium complex with two-fold symmetry bearing trans(imido) ligands (N4-U1-N4’ = 
155.9(3)°) capped by an η5-Cp* (U-Ct = 2.583 Å) in a distorted octahedral environment 
(Figure 6, left, Table 2.1). The U-Nimido distances (U-N4 = 1.950(7) Å) in 9-Cp* are 
significantly longer than those in hexavalent CpU(NtBu)2I(dmpe) (1.883(4) and 1.889(5) 
Å), reported by Boncella and coworkers.32 However, these distances are shorter than 
those in pentavalent 8-Cp* (2.036(5), 1.994(6) Å), as would be expected for the smaller 
U(VI) ion. Although the pyridine(diimine) ligand displays long U-N bonds (U1-N1 = 
2.522(6); U1-N2 = 2.515(7) Å), suggestive of dative bonds, inspection of the intraligand 
distances supports ligand reduction. Such distortions are well established as indicative of 
population of ligand antibonding orbitals and can be diagnostic of the amount of 
pyridine(diimine) reduction.16 This is evident in the C3-C4 bond distance of the pyridine 
ring, which has been significantly elongated (1.439(10) Å) beyond that expected for an 
aromatic pyridine (free ligand = 1.386(3), 1.388(3) Å).17 Such distortions have been 
observed in tetravalent Cp*U(O2C2Ph2H2)(MesPDIMe) and hexavalent Cp*UO2(MesPDIMe), 
both of which bear [MesPDIMe]1- ligands as charge separated resonance forms. Contraction 
of the adjacent Cimine-Cpyridine bond to 1.431(10) Å from that in the free ligand (1.495(3), 
1.494(3) Å) also points towards a singly reduced pyridine(diimine) ligand, consistent 






Figure 2.6 Molecular structures of 9-Cp* (left) and 9-tBu (right) displayed at 30% 
probability ellipsoids. Selected aryl substituents, co-crystallized molecules, and hydrogen 
atoms have been omitted for clarity. 
 
 
 The unusual ligand electronic structure assignment is corroborated by the 
electronic absorption spectrum of 9-Cp* (Figure 2.5, middle), which is markedly 
different from those of its uranium(V) counterparts. 9-Cp* displays a pair of strong 
absorptions at 672 (3,825 M-1cm-1) and 497 nm (6,210 M-1cm-1) in the visible region as 
well as an absorbance in the UV region at 342 nm (15,250 M-1cm-1), all of which are 
hypothesized to arise from radical character of the pyridine(diimine) ligand. Further, the 
broad f-f transitions present in the near-infrared region of 8-Cp* are not detected in 9-
Cp*, suggesting absence of f-electrons and a U(VI), 5f 0 ground state. 
 With significant electronic differences arising from slight alterations of the 
cyclopentadienyl and aryl(imido) ligands noted, variation to the pyridine(diimine) chelate 
was also explored by substitution of the hydrogen atom in the p-pyridine position with a 
tert-butyl group. Employing Cp*U(tBu-MesPDIMe)(THF) (1-tBu) as a precursor, attempts 
to form bis(imido) species analogous to 9-CpP and 9-Cp* were undertaken. 
Unfortunately, due to their highly reactive nature, 1-CpP, 1-Cp*, and 1-tBu are not 
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amenable to standard electrochemical conditions with each being reactive toward various 
electrolytes and common solvents (CH3CN, CH2Cl2). However, as [tBu-MesPDIMe] is 
more difficult to reduce than the parent ligand by 0.124 V,24 we hypothesized three 
potential outcomes for the reduction of Tol-N=N-Tol by 1-tBu: 1) formation of a 
uranium(VI) bis(imido) species with stabilization of a ligand radical at the para-pyridine 
position by the new tertiary carbon,33 2) a uranium(VI) bis(imido) with localized anionic 
charge at a meta-pyridine position similar to 9-Cp*, or 3) isolation of a uranium(V) 
bis(imido) neutral ligand species analogous to 8-Cp*, 8-CpP, and 9-CpP due to the more 
negative reduction potential of [tBu-MesPDIMe].  
 Addition of an equivalent of Tol-N=N-Tol to 1-tBu resulted in an immediate 
darkening of the solution, proof of a successful synthesis of Cp*U(NTol)2(tBu-MesPDIMe) 
(9-tBu) (Scheme 2.1). Investigation of 9-tBu by electronic absorption spectroscopy 
showed strong transitions, comparable to 9-Cp*, in the visible region at 663 (3,503 M-
1cm-1) and 530 nm, (5,834 M-1cm-1) and in the UV region at 324 nm (21,091 M-1cm-1), 
suggesting the presence of a ligand radical (Figure 2.5, middle). Coupled with a lack of f-
f transitions in the near infrared region, these spectroscopic data support 9-tBu as a 
uranium(VI) complex with a [MesPDIMe]1- ligand, eliminating option 3. This formulation 
is further confirmed by 2D NMR spectroscopy, which shows the peak distribution of Cs 











Table 2.1 Structural parameters for 9-Cp*, 9-tBu, 10-Cp*, 10-tBu, and 11-Cp* 
(pyridine(diimine) numbering scheme listed above) 
 
Bond (Å) or Angle (°) 9-Cp* 9-tBu 10-Cp* 10-tBu 10-Cp* 
U1-N1 2.522(6) 2.518(7) 2.549(4) 2.567(4) 2.567(4) 
U1-N2 2.515(7) 2.515(7) 2.539(4) 2.508(4) 2.538(4) 
U1-N3 2.522(6) 2.524(8) 2.597(4) 2.567(4) 2.580(4) 
U1-N4 1.950(7) 1.941(8) 1.928(4) 1.955(4) 1.930(4) 
U1-N5 1.950(7) 1.944(8) 1.926(4) 1.944(4) 1.943(4) 
N1-C2 1.304(9) 1.316(11) 1.301(6) 1.292(6) 1.291(7) 
C2-C3 1.431(10) 1.427(14) 1.484(6) 1.484(6) 1.488(7) 
C3-C4 1.439(10) 1.466(14) 1.391(7) 1.410(6) 1.404(7) 
C4-C5 1.386(10) 1.368(16) 1.376(7) 1.392(7) 1.369(8) 
C5-C6 1.386(10) 1.425(16) 1.387(7) 1.394(7) 1.386(8) 
C6-C7 1.439(10) 1.496(13) 1.387(7) 1.404 (6) 1.392(7) 
N2-C3 1.359(7) 1.347(12) 1.347(6) 1.352(6) 1.340(6) 
N2-C7 1.359(7) 1.320(12) 1.346(6) 1.351(6) 1.356(6) 
C7-C8 1.431(10) 1.433(14) 1.481(6) 1.486(7) 1.484(7) 
N3-C8 1.304(9) 1.327(11) 1.291(7) 1.290(6) 1.290(7) 
U1-Ct 2.583 2.567 2.565 2.503 2.531 




 To confirm the presence of a ligand radical in 9-tBu as well as decide between 
options 1 and 2, X-ray diffraction analysis of single crystals obtained from a concentrated 
n-pentane solution at -35 °C was performed. Refinement of the data revealed the 
predicted trans-bis(imido) uranium complex (N4-U1-N5 = 155.5(3)°) bound by a 
tridentate pyridine(diimine) ligand with an η5-Cp* (U-Ct = 2.567 Å) cap (Figure 2.6). 
Similar to 9-Cp*, the U-Nimido bonds of 1.941(8) and 1.944(8) Å are significantly shorter 
than those observed in pentavalent 8-Cp* and (MesPDIMe)U(NMes)2I(THF) (2.011(15) 
and 2.014(14) Å). These distances more closely resemble the uranium(VI) tris(imido) 
species, (MesPDIMe)U(NDIPP)3 (DIPP = 2,6-diisopropylphenyl) (1.965(7), 1.967(7) Å).17 
The three U-NPDI distances in 9-tBu are consistent with dative interactions; however, the 
intraligand distances are distorted, suggesting reduction akin to 9-Cp*. The elongation of 
the pyridine bonds C3-C4 (1.466(14) Å) and C6-C7 (1.496(13) Å) in 9-tBu and the 
contraction of the adjacent Cpyridine-Cimine bonds (C2-C3 = 1.427(14); 1.433(14) Å) 
support ligand reduction. Thus, the crystallographic data supports that option 2, 
localization of a ligand radical at the m-pyridine position, is favored. 
 As in the case of 9-Cp*, formation of 9-tBu proceeds with four reducing 
equivalents derived cooperatively from the uranium and reduced ligand of 1-tBu. 
Alteration of the electronics in the pyridine ring by addition of an electron-donating tert-
butyl substituent neither disfavored reduction (option 3) nor localized a ligand radical at 
the tertiary para-pyridine position (option 1); the anionic charge observed in 9-Cp* also 




Figure 2.7  EPR spectra of bis(imido) complexes: 8-CpP (purple, toluene, 15.6 mM, 
power: 5.02 mW, modulation: 0.15 mT / 100 kHz), 8-CpP (black, toluene, 15.5 mM, 
power: 2.00 mW, modulation: 0.15 mT / 100 kHz), 8-Cp* (blue, toluene, 16.8 mM, 
power: 5.02 mW, modulation: 0.15 mT / 100 kHz), 9-Cp* (red, methylcyclohexane, 16.3 
mM, power: 1.00 mW, modulation: 0.25 mT / 100 kHz), and 9-tBu (green, 
methylcyclohexane, 16.0 mM, power: 5.02 mW, modulation: 0.15 mT / 100 kHz) 
recorded at ambient temperature. Frequency: 9.85 GHz. Spectra for 8-CpP, 8-CpP, and 8-




 As 8-Cp*, 8-CpP, 9-CpP, 9-Cp*, and 9-tBu all contain one unpaired electron, 
their electronic ground state was probed by X-band electronic paramagnetic resonance 
spectroscopy at room temperature (Figure 2.7). The uranium(V) complexes, 8-Cp*, 8-
CpP, and 8-CpP, were EPR silent (toluene solution), while 9-Cp* and 9-tBu each display 
a weakly intense, broadened nearly isotropic signal centered at ǀgǀ = 1.974 in 
methylcyclohexane, similar to that observed for Cp*UO2(MesPDIMe). Uranium(V) 
complexes are generally known to be EPR silent above liquid nitrogen temperatures,34 
suggesting the observed room temperature signals are ligand radical derived. Though 
poorly resolved, the observed splitting in 9-Cp* and 9-tBu is similar to that noted for the 
radical cation localized on the salophen ligand of the uranium(VI) uranyl derived from 
chemical oxidation of UO2(salophentBu)(H2O) (salophentBu = N,N’-bis(3,5-di-tert-
butylsalicylidene)-1,2-phenylenediamine).35 As a further probe, the species were 
investigated as glasses at 6 K. All five complexes reveal analogous rhombic signals with 
gx, gy, and gz tensor values near 3.6, 0.6-0.7, and 0.5-0.6, respectively (Figure 2.8). As 
each complex contains a single unpaired electron, these data are consistent with 
significant electron density residing at uranium in each complex at 6 K—contrary to the 
room temperature observations. The rhombic spectra of complexes 8 and 9 are consistent 
with similar cationic and neutral uranium(V) species [(COT)U(NEt2)2(THF)]+, 
[Cp*U(NMe2)3(THF)]+, and (COT)U(NEt2)3 described by Gourier et al.( Inorg. Chem. 




Figure 2.8  EPR spectra of bis(imido) complexes: 8-CpP (purple, 2-MeTHF, 21.7 mM, 
power: 1.00 mW, modulation: 0.4 mT / 100 kHz), 9-CpP (black, 2-MeTHF, 12.6 mM, 
power: 0.10 mW, modulation: 0.4 mT / 100 kHz), 8-Cp* (blue, 2-MeTHF, 11.5 mM, 
power: 5.02 mW, modulation: 0.4 mT / 100 kHz), 9-Cp* (red, methylcyclohexane, 26.4 
mM, power: 1.00 mW, modulation: 0.4 mT / 100 kHz), and 9-tBu (green, 2-MeTHF, 19.3 
mM, power: 0.10 mW, modulation: 0.4 mT / 100 kHz) recorded at 6 K. Frequency: 9.6 
GHz. Spectra are background subtracted. Asterisks at right denote radical impurities not 





Table 2.2 g-tensor values derived from samples of 8-CpP, 9-CpP, 8-Cp*, 9-Cp*, and 9-
tBu recorded at 6 K 
 
Complex gx gy gz 
CpPU(NPh)2(MesPDIMe) 3.615 0.696 0.615 
CpPU(NTol)2(MesPDIMe) 3.601 0.706 0.573 
Cp*U(NPh)2(MesPDIMe) 3.622 0.713 0.582 
Cp*U(NTol)2(MesPDIMe) 3.638 0.638 0.519 
Cp*U(NTol)2(tBu-MesPDIMe) 3.625 0.691 0.567 
 
 
2.4.2. Oxidation of Bis(imido) Complexes 
 To complete the series of electronic structures for uranium bis(imido) species, 
oxidation of  9-Cp* and 9-tBu was attempted. Removal of the ligand radical would 
further confirm the U(VI)/[MesPDIMe]1- electronic structure and facilitate structural 
comparison with reduced ligand derivatives. Treating 9-Cp* and 9-tBu each with one 
equivalent of AgSbF6 (Scheme 2.2), resulted in deposition of silver onto the walls of the 
scintillation vial over ca. 2 hours, signifying successful oxidation. Infrared spectroscopy 
of the red-brown materials obtained confirmed the presence of an [SbF6]1- anion in each 
complex due to respective υ3(Sb-F) absorbances at 662 and 658 cm-1 allowing for the 
assignments as [Cp*U(NTol)2(MesPDIMe)][SbF6] (10-Cp*) and [Cp*U(NTol)2(tBu-
MesPDIMe)][SbF6] (10-tBu). Repeating the oxidations in sealed NMR tubes (CD2Cl2, 
ambient temperature) revealed the anticipated products, 10-Cp* and 10-tBu, without any 




Scheme 2.2 Oxidation of 9-Cp* and 9-tBu with silver(I) hexafluoroantimonate 
 
 Analysis of 10-Cp* and 10-tBu by 1H NMR spectroscopy revealed diamagnetic 
spectra with ten resonances each consistent with C2v symmetry. Sharply contrasting the 
Cs symmetry of complexes 9, this change in symmetry is consistent with re-aromatization 
of the pyridine ring and dismissal of the localized radical charge on the pyridine. A 
comparison of 1H NMR data for 9-Cp* (Cs, ligand radical) and 10-Cp* (C2v, neutral 
ligand) is displayed in Figure 2.4. Other than the change in symmetry, as compared to 9-
Cp*, resonances attributed to the pyridine ring in 10-Cp* appear shifted towards their 
diamagnetic free ligand reference values, thus confirming a third electronic structure for 
this family of trans-bis(imido) species. 
 Electronic absorption spectroscopy reflects the changes in the respective 
electronic structures from oxidation of 9-Cp* and 9-tBu to 10-Cp* and 10-tBu (Figure 
2.5, bottom). Complexes 10 no longer display the three distinct transitions observed in 
their reduced counterparts; rather, relatively featureless spectra are obtained with each 
only containing a broadened, weak shoulder at ca. 580 nm (2300-2500 M-1cm-1). As 
expected for uranium(VI), 5f 0 species, neither display f-f transitions in the near-infrared 
region. The loss of visible transitions in 10 is directly associated with removal of radical 




Figure 2.9 Molecular structures of 10-Cp* (left), 10-tBu (middle), and 11-Cp* (right) 
displayed at 30% probability ellipsoids. Selected aryl substituents, co-crystallized 
molecules, and hydrogen atoms have been omitted for clarity. 
 
 
 For comparison to the reduced species, structural analyses of 10-Cp* and 10-tBu 
were performed. For ease of crystallization, the tetraphenylborate analogue of 10-tBu was 
synthesized (preparation and spectroscopic data of the BPh4 analogue is provided in the 
Supporting Information). Single, X-ray quality crystals were obtained from concentrated 
THF/diethyl ether (3:1) and concentrated THF/hexamethyldisiloxane (3:1) solutions at 
room temperature for 10-Cp* and 10-tBu, respectively (Figure 2.9, left and middle; Table 
2.1). Each pseudo-octahedral uranium bis(imido) complex is capped by an η5-Cp* ligand 
(U1-Ct: 10-Cp*, 2.565; 10-tBu, 2.503 Å). The U-Nimido distances of 10-Cp* (1.928(4), 
1.926(4) Å) and 10-tBu (1.955(4), 1.944(4) Å) are significantly longer than those found 
in the only other crystallographically characterized bis(imido) cations, [U(NMe)-
2(I)(THF)4][I3] (1.830(4) and 1.841(5) Å)36 and [U(NDIPP)2Br(Mebpy)2][I3] (Mebpy = 4,4′-
dimethyl-2,2′-bipyridyl) (1.856(8) Å).37 This significant elongation in 10-Cp* and 10-tBu 
is attributed to disruption of the inverse trans-influence due to the deviation from 
linearity of the imido ligands (N4-U1-N5 = 155.45(16) and 153.14(15)°, respectively) 
imparted by the bulky Cp* ligand.38 
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 Parameters for the pyridine(diimine) ligands of 10-Cp* and 10-tBu are very 
similar and, as such, only those of 10-Cp* will be discussed in detail (ligand parameters 
of 10-tBu shown in Table 2.1). 10-Cp* possesses three long U-N bonds to the 
pyridine(diimine) chelate (2.549(4), 2.539(4), and 2.597(4) Å), consistent with a neutral 
ligand and similar to (MesPDIMe)U(NMes)3 (2.553(4) and 2.580(5) Å). Intraligand bond 
lengths that previously indicated ligand reduction in 10-Cp* now resemble a neutral 
ligand following oxidation. The Cimine-Cpyridine distances have been elongated to the order 
of a single bond (1.484(6) and 1.481(6) Å) while the Cpyridine-Cpyrdine bonds, C3-C4 and 
C6-C7, have been contracted to 1.391(7) and 1.387(7) Å, respectively, indicative of 
aromaticity in the ring. For transition metal complexes of pyridine(diimine), this 
approach has previously been employed by Chirik and coworkers in evaluating metrical 
variations between cobalt complexes, [([iPrPDIMe]·-)CoIN2 and [([iPrPDIMe]0)CoIN2]+,39 as 
well as in manganese bis(ligand) complexes described by Wieghardt and coworkers, 
[MnIII([OMePDIMe]1-)2][PF6] and [MnII([OMePDIMe]0)2](PF6)2.40 
 Upon oxidation of complexes 9 to ion pair complexes 10, the uranium-imido bond 
distances remain the same within error (Table 2.1) consistent with maintaining the 
uranium(VI) oxidation state. If oxidation occurred at uranium rather than MesPDIMe, a 
contraction of the U-Nimido bond by ca. 0.1 Å would be anticipated, as in the case of 
uranium(V) U(NDIPP)2(Br)(Rbpy)2, whose U-N distances (1.981(5) and 1.968(6) Å) 
decrease upon oxidation to 1.858(8) Å in [U(NDIPP)(Br)(Rbpy)][I3] due to the difference 






Scheme 2.3 Oxidation of 8-Cp* to form 11-Cp*. 
 
 For comparative purposes, oxidation of the uranium(V) neutral ligand species, 8-
Cp*, was attempted. Under analogous conditions to the oxidation of complexes 9, 
oxidation of 8-Cp* with AgSbF6 resulted in isolation of [Cp*U(NPh)2(MesPDIMe)][SbF6] 
(11-Cp*) (Scheme 2.3) as confirmed by IR spectroscopy ([SbF6]- = 657 cm-1). Complete 
assignment of C2v symmetric 11-Cp* was achieved via 2D NMR spectroscopy. Facile 
oxidation of uranium(V) bis(imido) complexes with Ag(I) has previously been observed 
by Boncella and coworkers.41 
 Contrary to the observations for 9-Cp* and 9-tBu, chemical oxidation of 8-Cp* 
occurs at uranium rather than the ligand. Thus, structural parameters of 11-Cp* were 
sought to determine if any bonding changes would be apparent. Refinement of data 
obtained by analysis of single, X-ray quality crystals obtained by slow diffusion of n-
pentane into a THF solution of 11-Cp* at -35 °C revealed the uranium(VI) trans-
bis(phenylimido) complex bound by an η5- Cp* (2.531 Å) (Figure 2.9, Table 2.1). The 
trans(imido) substituents (N4-U1-N4 = 154.57(18)°) are more tightly coordinated 
(1.930(4), 1.943(4) Å) than those observed in the uranium(V) congener (2.036(5), 1.994 
Å), consistent with oxidation from U(V) to U(VI). Throughout the entirety of the 
pyridine(diimine) ligand, negligible differences in the metrical parameters are observed, 
consistent with a maintained neutral chelate. 
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 Investigation of 11-Cp* by electronic absorption spectroscopy revealed no 
transitions in the near-infrared region, consistent with uranium oxidation from 5f1 to 5f0 
(Figure 2.5, bottom). Transitions observed in the visible region are consistent with those 
in complexes 10, with a notable shoulder at ca. 495 nm (6168 M-1cm-1), supporting U(VI) 
with a neutral [MesPDIMe]. 
 
 
Figure 2.10 U LIII and LII-edge XANES from 8-Cp* (orange), 8-CpP (black), 
Cp*UO2(MesPDIMe) (green), 10-Cp* (blue), and 9-Cp* (red) obtained at 77 K in 
transmission mode with an internal yttrium foil standard. The circular markers represent 
the inflection point. 
 
 
 As a further probe of the valency of the uranium centers in the bis(imido) family, 
X-ray absorption near edge spectroscopy (XANES) was obtained for 8-CpP, 8-Cp*, 9-
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Cp*, 10-Cp*, as well as Cp*UO2(MesPDIMe) for comparison. The background subtracted 
and normalized U L3,2-edge XANES spectra for these compounds are presented in Figure 
2.10 with the numerical data tabulated in Table 2.3. Spectra are defined by pronounced 
absorption edges and characterized by their inflection points. From the perspective of the 
free ion, the edge features in these spectra originate from electric-dipole allowed 
transitions from U 2p-orbitals to unoccupied states that contain U 5d character. These 
final states further split into two primary L3,2-edges, owing to spin-orbit coupling of the 
2p core-hole. The following discussion will focus on the L3-edge values since the trend 
are very similar in the L2-edge region. 
 
Table 2.3  Energy of the U L3 and L2-edge inflection point and peak position of 8-CpP, 8-
Cp*, 9-Cp*, 10-Cp*, and Cp*UO2(MesPDIMe)a. All inflection points and peak positions 
reported in eV. 
Complex Inflection Pt. 
U L3-edge  
Peak Position 




U L2-edge  
U // [MesPDIMe] 
Ox. State 
8-CpP 17,171.6 17,176.9 20,955.9 20,961.2 5+ / 0
8-Cp* 17,171.2 17,176.5 20,955.6 20,960.7 5+ / 0 
9-Cp* 17,172.1 17,177.2 20,955.9 20,961.5 6+ / 1- 
10-Cp* 17,171.9 17,176.6 20,955.8 20,960.7 6+ / 1- 
Cp*UO2(MesPDI
Me) 
17,171.9 17,176.6 20,955.8 20,961.0 6+ / 1- 
aAll data are calibrated against the Y K-edge from an internal yttrium foil standard 
measured in situ (17038.4 eV). 
 
 
 The uranium(V) complexes 8-CpP and 8-Cp* display the lowest energy inflection 
points at 17,171.6 and 17,171.2 eV, respectively. These are approximately 0.3-0.9 eV 
lower in energy than the uranium(VI) congeners, 9-Cp*, 10-Cp*, and 
Cp*UO2(MesPDIMe), which show respective inflection point energies of 17,172.1, 
17,171.9, and 17,171.9 eV. Variation of the phenyl(imido) ligand of 8-Cp* to p-
tolyl(imido) in 9-Cp* results in a shift of 0.9 eV to higher energy of the L3-edge owing to 
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the U(V)-U(VI) oxidation state change. This 0.9 eV change in the edge energy is smaller 
than that observed by Meyer and coworkers in the oxidation of pentavalent 
[((AdArO)3tacn)U=O] to its hexavalent congener (Δ = 2.0 eV).42 It is tempting to interpret 
the small 0.9 eV shift as indicative of a dramatic covalency in the 8-Cp* and 9-Cp* 
compounds. Consistently, our calculations show appreciable delocalization of charge in 
the uranium–ligand interactions. However, without further experimentation it is difficult 
to determine if changes in orbital mixing are the sole contributors to the differences in 
inflection point. Also of note is the very minimal shift observed in the L3-edge (Δ = 0.2 
eV) between 9-Cp* and 10-Cp*. This observation is consistentwith a hexavalent uranium 
center in both compounds, supporting a ligand based oxidation process.  Likewise, the 
analogous bis(imido) and bis(oxo) complexes, 9-Cp* and Cp*UO2(MesPDIMe), display 
similar energies (Δ = 0.2 eV) as well. 
 
2.4.3 Investigation Into Bis(Imido) Formation Through the Use of Tethered Diazenes 
 
2.4.3.1 Tp* Uranium Complexes 
 In order to probe the mechanistic proposal for formation of η2-hydrazido 
compounds in the four electron cleavage of diazenes, initial experiments were aimed at 
their syntheses. Since Cp* did not afford the steric protection to allow isolation,51 the 
analogous Tp* ligand was utilized. As both Tp*2UCH2Ph and Tp*2U(2,2’-bpy) have 
been shown to behave as sources of “Tp*2U”, initial experiments were performed with 
these. 
 Addition of azobenzene to a chilled THF solution (-35 °C) of Tp*2UCH2Ph 
resulted in a gradual color change from dark green to yellow-brown (Scheme 2.4). 
Analysis of the crude mixture by 1H NMR spectroscopy revealed the extrusion of 
bibenzyl, suggesting diazene reduction rather than U-C insertion. Following work-up, the 
1H NMR spectrum of the product displayed fourteen paramagnetically shifted resonances 
ranging from -57.25 to 84.04 ppm, precluding the assignment as a diamagnetic 
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uranium(VI) bis(imido). Instead, the spectroscopic data are consistent with azobenzene 
reduction, leading to the assignment as Tp*2U[η2-N,N’-(C6H5-N-N-C6H5)] (12-AzBz) 
(Scheme 2.4, right). Characterization by infrared (B-H: ν = 2552, 2521 cm-1) and 11B 
NMR spectroscopies (-90.32 ppm) confirmed retention of the Tp* ligands despite the 
absence of a B-H resonance in the 1H NMR spectrum. Heteronuclear NMR shifts have 
previously been shown to be indicators of the oxidation state at uranium.65 The 11B 
resonance for 12-AzBz is shifted significantly upfield of previously characterized 
uranium(III) complexes including Tp*2UEPh (E = O, S, Se, Te; 11B: -1.2 - 0.1 ppm),66 
TpUI2(THF)3 (15.7 ppm),67 Tp*2UF (-7.8 ppm),68 and Tp*2U(2,2’-bpy) (-27.14 ppm). 
Instead, the 11B chemical shift for 12-AzBz resembles that of Tp*2UF2 (-63.7 ppm),68 
signifying formation of a uranium(IV) product. 12-AzBz was also formed by treating 




Scheme 2.4 Synthesis of 2-AzBz and 2-BCC from Tp*2U(CH2Ph) 
 
 Structural confirmation of 12-AzBz was achieved by the analysis of single, X-ray 
quality crystals obtained from a concentrated THF solution stored at -35 °C. Refinement 
of the data revealed an eight coordinate uranium bis(Tp*) species bound by an η2-1,2-
diphenylhydrazido moiety (Figure 2.11, left). The U-Npyrazole distances range from 
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2.518(6) to 2.654(7) Å and are unremarkable. The uranium-nitrogen distances of the η2-
1,2-diphenylhydrazido are significantly shorter (U1-N13 = 2.2254(15) Å), suggesting a 
dianionic ligand. A two-electron reduced azobenzene is further evinced by significant 
elongation of the diazo moiety (N13-N13’ = 1.440(3) Å) compared to neutral cis-
azobenzene (1.251 Å) and related trans-isomers.69 The reduction of the N-N bond in 12-
AzBz is comparable to those observed in transition metal and lanthanide complexes 
bearing an (η2-1,2-RNNR)2- unit, including Cp*WMe3(η2-MeNNMe) (1.38(1) Å),70 
Cp2Zr(η2-PhNNPh)(NC5H5) (1.434(4) Å),71 (κ2-(η5-C5H4SiMe2)2)Mo(η2-PhNNPh) 
(1.4061(9) Å),72 [Cp*(THF)Sm]2[N2Ph2]2 (1.44(1) Å) and [Cp2(THF)Yb]2[N2Ph2]2 
(1.470(6) Å).73 Additionally, the N-N bond in 12-AzBz is significantly more reduced 
than the analogous bond in [((SiMe2NPh)3-tacn)U(η2-N2Ph2) (1.353(4) Å), characterized 
as a uranium(IV) ion with a singly reduced, (PhNNPh)1-, ligand.74 
 
 
Figure 2.11 Molecular structures of 12-AzBz (left) and 12-BCC (right) displayed with 
30% probability ellipsoids. Select hydrogen atoms and co-crystallized solvents have been 
omitted for clarity. Selected bond lengths for 12-AzBz: U1-N13 = 2.2254(15); N13-N13’ 





 In the formation of 12-AzBz, azobenzene is formally reduced by two electrons 
while both the uranium(III) center and the alkyl substituent of Tp*2UCH2Ph (or 
bipyridine of Tp*2U(2,2’-bpy)) are each oxidized by a single electron. Cooperation 
between metal and ligand to afford substrate reduction by low-valent uranium precursors 
Tp*2UCH2Ph and Tp*2U(2,2’-bpy) has previously been observed in this system in the 
formation of Tp*2U(NR)75 and Tp*2U(O).76 Heating 12-AzBz at 70 °C for several hours 
resulted in neither decomposition of the complex nor formation of the corresponding 
uranium(VI) bis(imido). This is in stark contrast to what had been observed in the 
bis(Cp*) system, where a fleeting uranium(IV) η2-hydrazido intermediate, “Cp*2U(η2-
N2Ph2)”, is proposed to undergo N-N bond cleavage at room temperature, suggesting the 
U(IV) to U(VI) oxidation is facile.47,17 
 The reactivity of complexes Tp*2UCH2Ph and Tp*2U(2,2’-bpy) toward 
benzo[c]cinnoline were also investigated. This substrate presents interesting possibilities 
for reactivity because: 1) the first reduction potential of benzo[c]cinnoline is significantly 
more negative than that of azobenzene (-2.084 vs. -1.604 V) (Figure 2.12, Table 2.4), 
potentially preventing the two-electron reduction; 2) it is rigid and the resultant reduced 
ligand would be planar, facilitating stabilization of a radical; or 3) the reaction may form 





Figure 2.12 Single electron reduction potentials of various diazenes (vs. Fc/Fc+). 
Experimental conditions provided in Table 2.3. 
 
 













aConditions: 3 mmol diazene in 0.1 M Bu4NPF6 in MeCN at  




 Addition of benzo[c]cinnoline to a cold THF solution of Tp*2UCH2Ph (-35 °C) 
resulted in a gradual color change to dark red/purple over ca. 10 minutes (Scheme 2.4, 
left). Investigation of the crude mixture by 1H NMR spectroscopy confirmed the 
formation of bibenzyl concomitant with consumption of benzo[c]cinnoline. Following 
work-up, the spectrum revealed fourteen paramagnetically shifted resonances ranging 
from -28.52 to 33.72 ppm allowing assignment as Tp*2U(BCC) (12-BCC, Scheme 2.4). 
Unlike 12-AzBz, the B-H resonance was identified at -14.58 ppm with the corresponding 
11B resonance observed at -52.40 ppm—similarly upfield shifted and suggestive of 
uranium(IV). Slower reactivity was observed by addition of benzo[c]cinnoline to a 
toluene solution of Tp*2U(2,2’-bpy), with the same color change noted to form 12-BCC 
over twelve hours with expulsion of neutral 2,2’-bipyridine. 
 For purposes of comparison to 12-AzBz, single X-ray quality crystals of 12-BCC 
obtained from a concentrated diethyl ether/THF (1:3) solution stored at -35 °C were 
analyzed by X-ray diffraction (Figure 1.1, right). Refinement of the data revealed the 
anticipated bis(Tp*) uranium complex bound by an η2-benzo[c]cinnoline. The U-NBCC 
distances (2.213(6) and 2.203(5) Å) are consistent with uranium(IV) anionic amide 
linkages and are nearly identical the those found in 12-AzBz and the constrained-
geometry organouranium catalyst, (Me2Si(η5-Me4C5)(tBuN))U(NMe2)2 (2.207(4) and 
2.212(4) Å).77 Elongation of the benzo[c]cinnoline N-N bond by ca. 0.09 Å, as compared 
to the free ligand (1.292(3) vs. 1.400(8) Å),78 is indicative of reduction. This distance in 
12-BCC is within error of the only other reported benzo[c]cinnoline f-block complex, 
Yb(BCC)3(THF)2. In this case, the three benzo[c]cinnoline ligands are characterized as 
monoanionic, consistent with a Yb3+ formulation by charge balance.79 Since metal-to-
ligand backbonding is considered to be negligible for elements of the f-block, N-N bond 
elongation is a useful metric to assess benzo[c]cinnoline reduction. For transition metals, 
determination of the extent of reduction of the N-N double bond can be complicated 
where backbonding is present. For example, both Ti(OAr”)2(NC6H4-
C6H4NC4Et4)(BCC)80 (OAr” = 2,6-diphenylphenoxide) and 
(CH(C(Me)N(Ar))2Fe(BCC)81 (Ar = 2,6-diisopropylphenyl) are characterized to contain 
neutral bound η2-benzo[c]cinnoline, however, the electron rich iron species (Fe(I), d7) 
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contains a significantly elongated N-N bond (1.385(2) Å) as compared to the electron 
deficient d0 titanium complex (1.284(6) Å). 
 
 
Figure 2.13 Electronic absorption spectra of 12-AzBz (orange) and 12-BCC (purple) 
recorded in THF at ambient temperature. Solvent overtones between 1670 and 1760 nm 
have been omitted for clarity. 
 
  
 Electronic absorption spectroscopy was employed to confirm tetravalency at 
uranium for 12-AzBz and 12-BCC (Figure 2.13). For both species, data were obtained 
from 280-2100 nm in THF at ambient temperature. In the near infrared region, 12-AzBz 
displays a pair of sharp, weakly intense f-f transitions (λmax = 1416, 1078 nm; ε = 191, 
210 M-1cm-1) consistent with a 5f2 complex (Figure 2.13, inset). These same transitions 
are observed in 12-BCC (λmax = 1398, 1109 nm) but are of much greater intensity and 
engulfed by an ill-defined broad transition throughout the region (ε ~ 600-900 M-1cm-1). 
The visible region of 12-BCC displays an intense color producing band at 509 nm (ε = 
6540 M-1cm-1) consistent with the deep red/purple color of the complex. In 12-AzBz, this 
107 
 
band appears as a weakened shoulder at 472 nm (ε = 3495 M-1cm-1) consistent with the 
translucent yellow/brown appearance of the complex attributed to decreased conjugation 
of the η2-hydazido ligand. 
 
2.4.3.2 Pyridine(diimine) Complexes 
 With the general understanding obtained from 12-AzBz and 12-BCC of the 
intermediate η2-species in the four electron diazene cleavage at uranium, we explored the 
same substrates with our highly reducing pyridine(diimine) system. Previously, we have 
shown the ability of Cp*U(MesPDIMe)(THF) (1-Cp*) and Cp*U(tBu-MesPDIMe)(THF) (1-
tBu) to cleave Ar-N=N-Ar (Ar = p-Tol, Ph) to form novel bis(imido) species.56 While the 
isolation of complexes 12 would suggest this process occurs in a concerted fashion at a 
single metal center, the possibility of a bimetallic mechanism could not be discounted 
since this is often observed for f-block metals. For instance, Evans and coworkers have 
isolated a variety of Sm(III) complexes bearing bridging [PhN-NPh]2- units, including 
Cp*2Sm(μ-PhNNPh)SmCp*282 and Cp*(THF)Sm(μ-η2:η2-PhNNPh)2SmCp*(THF).73 
 
 
Scheme 2.5 Crossover reaction (left) and synthesis of 13-Ph/Tol (right) from 1-Cp* 
 
 To distinguish between a mono- or bimetallic N-N bond cleavage pathway, a 
crossover experiment was performed by addition of a stoichiometric solution of Ph-N=N-
Ph and Tol-N=N-Tol to 1-Cp* (Scheme 2.5, left). 1H NMR spectroscopy of the crude 
reaction mixture revealed only the formation of Cp*U(NPh)2(MesPDIMe) (8-Cp*) and 
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Cp*U(NTol)2(MesPDIMe) (9-Cp*). The crossover product, Cp*U(NPh)(NTol)(MesPDIMe) 
(13-Ph/Tol, vide infra) was not detected, which is in contrast to the previous observation 
for the addition of two electron oxidants to [CpPU(MesPDIMe)]2 (1-CpP), where complexes 
of the type CpPU(EPh)2(MesPDIMe) (E = S, Se) were obtained through radical oxidative 
addition.29 Despite this result, 8-Cp* and 9-Cp* are known to exist in different electronic 
ground states, suggesting the kinetics of addition may be vastly different.56 
 
 
Figure 2.14 Electronic absorption spectrum of Cp*U(NPh)(NTol)(MesPDIMe) (13-Ph/Tol) 
recorded from 2100-280 nm (THF, RT). Solvent overtones are present from 1760-1670 
nm. 
 
 As a further probe, the reactivity of 1-Cp* was tested with the mixed aryldiazene, 
PhN=NTol, resulting in an immediate darkening of the toluene solution (Scheme 2.5, 
right). Investigation of the crude mixture by 1H NMR spectroscopy revealed neither 8-
Cp* nor 9-Cp* but a new Cs symmetric, paramagnetic species, with fifteen broadened 
resonances assigned as 13-Ph/Tol. The electronic absorption spectrum of 13-Ph/Tol 
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displays a featureless visible region with two weakly intense absorbances at 1659 and 
1615 nm (124 and 81 M-1cm-1, respectively) consistent with a uranium(V) center (Figure 




Figure 2.15 Molecular structure of 13-Ph/Tol displayed with 30% probability ellipsoids. 
Hydrogen atoms, solvent molecules, select aryl (left) and 2,4,6-trimethylphenyl (right) 
substituents, and a second molecule in the unit cell have been omitted for clarity. 
 
 
 Structural confirmation of 13-Ph/Tol was achieved by analysis of single, X-ray 
quality crystals obtained from a concentrated diethyl ether solution stored at -35 °C 
(Figure 2.15, Table 2.5). Refinement of the data revealed two independent molecules per 
unit cell. As each have statistically indistinguishable bond metrics, only one species will 
be discussed. The anticipated pseudo octahedral uranium trans-bis(imido) (N4-U1-N5 = 
154.8(3)°) complex capped by an η5-Cp* (U1-Ct = 2.592 Å) was confirmed. Both the 
phenyl- and tolyl(imido) substituents (2.010(7) and 2.005(7) Å, respectively) are similar 
to those observed in 8-Ph—characterized as a uranium(V) ion. Due to steric pressure 
imparted on the imido substituents by the bulky Cp* and subsequent disruption of the 
inverse trans-influence, the U=N bond-distances are slightly elongated as compared to 
other trans-bis(imido) uranium(V) complexes.71 The long linkages to the 
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pyridine(diimine) nitrogen atoms (2.619(6), 2.594(6), 2.587(7) Å) and aromaticity in the 
pyridine ring confirm a neutral chelate. 
 
Table 2.5. Structural parameters of 13-Ph/Tol, 14, 15, and 16. Pyridine(diimine) 
numbering scheme depicted above. 
 
 
Bond (Å)  13-Ph/Tol 14 15 16 
U1-N1 2.619(6) 2.811(4) 2.382(6) 2.612(10) 
U1-N2 2.594(6) 2.238(4) 2.344(6) 2.258(9) 
U1-N3 2.587(7) 2.256(4) 2.349(6) 2.290(8) 
U1-N4 2.010(7) 2.385(4) 2.369(6) 2.413(9) 
U1-N5 2.005(7) 2.393(4) 2.367(6) 2.388(9) 
U1-Ct 2.592 2.526 2.532 2.523 
N1-C2 1.287(11) 1.296(6) 1.382(12) 1.314(14) 
C2-C3 1.479(12) 1.470(7) 1.383(10) 1.466(16) 
C3-C4 1.392(12) 1.342(7) 1.43(3) 1.344(16) 
C4-C5 1.378(13) 1.502(7) 1.389(15) 1.450(18) 
C5-C6 1.381(13) 1.539(7) 1.466(16) 1.370(17) 
C6-C7 1.379(13) 1.511(6) 1.52(2) 1.433(16) 
C7-C8 1.473(14) 1.366(7) 1.379(10) 1.353(15) 
N2-C3 1.296(10) 1.381(6) 1.352(11) 1.384(15) 
N2-C7 1.365(12) 1.397(6) 1.365(9) 1.431(14) 
N3-C8 1.296(11) 1.421(6) 1.390(9) 1.418(14) 




 The four electron cleavage to form 13-Ph/Tol proceeds with three reducing 
electrons provided from the redox-active ligand and only a single equivalent from the 
metal center. Additionally, the observation of 13-Ph/Tol as the only complex formed 
during the reaction suggests this process occurs at a single uranium center with concerted 
diazene cleavage. These findings for uranium are consistent with those observed for its 
transition metal counterpart, tungsten. Rothwell and coworkers observed cleavage of 
PhN=NTol at a single tungsten, W(OC6HPh3-η6-C6H5)(OAr)(PMe2Ph) (OAr = 2,3,5,6-
tetraphenylphenoxide), to form the mixed bis(imido), (ArO)2W(NTol)(NPh).83 In that 
case, the aryl(imido) substituents were found to gradually equilibrate to form the 
bis(tolyl) and bis(phenylimido) over days in solution. Such behavior was not observed for 
13-Ph/Tol; thus, formation of 13-Ph/Tol further substantiates the hypothesis of Burns 
and coworkers for the cleavage of azobenzene by “Cp*2U” systems.51 
 We envisioned the bis(imido) formation by 1-Cp* as an excellent opportunity to 
probe cooperative metal-ligand oxidation. We hypothesized that by employing 
benzo[c]cinnoline, isolation of an intermediate η2-bound substrate would be possible 
because its tethered aryl rings would disallow full cleavage of the N-N bond to form a 
trans-bis(imido) as noted for PhN=NPh. Addition of a single equivalent of 
benzo[c]cinnoline to 1-Cp* in toluene produced an immediate reaction and isolation of a 
brown powder upon workup (Scheme 2.6, left). 1H NMR spectroscopic characterization 
revealed twenty-one paramagnetically shifted resonances ranging from -211.62 to 60.11 
ppm consistent with asymmetry in the pyridine(diimine). The largest resonance, at 1.11 
ppm, was assigned to the Cp* while the two furthest upfield (-211.62 and -153.27 ppm) 
and two furthest downfield (56.57 and 60.11 ppm) resonances were assigned to bound 
benzo[c]cinnoline. Far shifted 1H NMR resonances in Tp*2U(2,2’-bpy), as well as in both 
dioxophenoxazine84 and pyridine(diimine)58 uranium derivatives have previously been 





Scheme 2.6 Synthesis of 14 and 15 from 1-Cp* and 1-tBu, respectively 
 
 Analysis of single, brown crystals obtained from a concentrated THF solution 
layered with n-pentane at -35 °C by X-ray diffraction revealed a dimeric species, 
[Cp*U(BCC)(MesHPDIMe)]2 (14), after refinement (Figure 2.16, Table 2.5). Bound by an 
η5-Cp* (U1-Ct = 2.526 Å), the uranium center contains two short U-NPDI contacts (U1-
N2 = 2.238(4); U1-N3 = 2.256(4) Å), one long contact (U1-N1 = 2.811(4) Å), and two 
intermediate bonds to the benzo[c]cinnoline (U1-N4 = 2.385(4); U1-N5 = 2.393(4) Å). 
Reduction of the benzo[c]cinnoline N-N double bond is apparent by its elongation to 
1.370(5) Å. The pyridine(diimine) intraligand distances are consistent with a closed shell 
dianionic ligand with alternating long and short distances, analogous to Cp*UI(MesPDIMe) 
(3-Cp*). The C-Nimine distances vary widely between single (N3-C8 = 1.421(6) Å) and 
double bond (N1-C2 = 1.296(6) Å) character, while the adjacent Cimine-Cpyridine distances 
show the opposite character (C7-C8 = 1.366(7); C2-C3 = 1.470(7) Å). This trend is 
broken as coupling at the para-pyridine (C5) occurs with concomitant H-atom abstraction 





Figure 2.16 Molecular structure of 14 displayed with 30% probability ellipsoids. 2,4,6-
Trimethylphenyl substituents, solvent molecules, and selected hydrogen atoms are 
omitted for clarity. 
 
  
 To rationalize the formation of 14, the reaction was repeated in a variety of 
solvents with reproducible yields ranging from 60-80% after purification. Presumably, 
the one electron oxidation of [MesPDIMe]3- results in an unstable triplet diradical electronic 
structure for [MesPDIMe]2- prior to rearrangement to the stable closed shell resonance form 
observed for 3-Cp*, CpPUI(MesPDIMe), and (MesPDIMe)UI2(THF)2.18 To test whether C-C 
coupling or H-atom abstraction occurs first, the reaction was repeated in low 
concentration in neat 1,4-cyclohexadiene. Under these conditions 14 was the only 
observable product, suggesting H-atom abstraction occurs subsequent C-C coupling. 
Therefore, in the formation of 14, oxidation of [MesPDIMe]3- to [MesPDIMe]2- results in a 
ligand radical at the para-pyridine that couples to another molecule bearing the same 
radical. To our knowledge, this para-pyridine coupling is rarely observed for two 
pyridine(diimine) ligands; generally coupling to the para-pyridine of pyridine(diimine) 
complexes occurs from either alkyl85,86 or hydride87 migration from the metal center. 
Para-coupling of unsubstituted pyridine radicals has been observed by Holland and 
coworkers in [(CH(C(Me)N(DIPP))2Fe(pyr)(pyr)1-], and this was later prevented through 




Scheme 2.7 Relevant resonance forms of singly reduced benzo[c]cinnoline (numbering 




Despite the observed coupling, charge balance considerations less the dianionic 
pyridine(diimine) and Cp* anion would afford one of three electronic structures in 14: 
U(III)/(BCC)0, U(IV)/(BCC)1-, or U(V)/(BCC)2-. To support one of these possibilities, we 
sought to disallow coupling through the para-position in a similar fashion to that of 
Holland and coworkers by using the tBu-MesPDIMe ligand. Adding an equivalent of 
benzo[c]cinnoline to previously reported Cp*U(tBu-MesPDIMe)(THF) (1-tBu) resulted in 
isolation of a brown powder upon workup (Scheme 2.6, right). Analysis of the product by 
1H NMR spectroscopy revealed twenty paramagnetically shifted resonances ranging from 
-138.23 to 36.18 ppm with similar peak distribution and symmetry to 14, leading to the 
assignment as Cp*U(BCC)(tBu-MesPDIMe) (15). The largest resonance (4.22 ppm) was 
assigned to the Cp* protons, and the benzo[c]cinnoline protons were readily assignable 
by their splitting patterns. The furthest upfield resonances (-138.23 and -112.48 ppm) 
were assigned to the 2,9- (triplet) and 4,7-positions (doublet), respectively, consistent 
with radical character (Scheme 2.7). The remaining, less shifted resonances, 36.18 and 




Figure 2.17 Molecular structures of 15 (left) and 16 (right) displayed with 30% 
probability ellipsoids. For 2,4,6-trimethylphenyl substituents, only the ipso carbon atoms 
are shown, and solvent molecules and hydrogen atoms have been omitted for clarity. 
 
 
 To determine if the tert-butyl substituent in 15 halted dimerization as predicted, 
single, X-ray quality crystals obtained from a concentrated toluene/n-pentane solution 
(2:1) at -35 °C were analyzed by X-ray diffraction. Refinement of the data revealed the 
desired monomeric pentamethylcyclopentadienyl (U1-Ct = 2.532 Å) uranium 
pyridine(diimine) complex bound by an η2-benzo[c]cinnoline (Figure 2.17, Table 2.5). 
The uranium-pyridine(diimine) distances (U1-N1 = 2.382(6), U1-N2 = 2.344(6), U1-N3 
= 2.349(6) Å) are all shorter or within error of (MesPDIMe)UI2(THF)2,17 suggesting a 
dianionic pyridine(diimine). Further, the C-Nimine (N1-C2 = 1.382(12), N3-C8 = 
1.352(11) Å) bonds are elongated while the adjacent Cimine-Cpyridine (C2-C3 = 1.383(10), 
C7-C8 = 1.379(10) Å) bonds are contracted, both within the parameters set forth by 
Budzelaar and coworkers for dianionic pyridine(diimine) ligands.56 Due to refined 
disorder in the tert-butyl and pyridine (C4-C5-C6), a detailed pyridine(diimine) 
intraligand bond distance discussion is not possible. Both uranium-benzo[c]cinnoline 
bonds are shorter than expected for only dative nitrogen interactions (2.369(6) and 




Scheme 2.8 Synthesis of 16 from 3-Cp* and in situ generated K[C12H8N2] 
 
 In the formation of 15, the para-tert-butyl moiety prevents the dimerization 
brought about by an unstable intermediate electronic structure derived through single 
electron oxidation of the reduced ligand. Electronic rearrangement affords a stable 
dianionic pyridine(diimine). As such we hypothesized monomeric derivative of 14, 
Cp*U(BCC)(MesPDIMe) (16), should be attainable if a route other than [MesPDIMe]3- 
oxidation is chosen. To test this hypothesis, we sought to synthesize 16 via salt 
metathesis rather than by a redox reaction as this would result in no net change in the 
electronic structure, removing the need for electronic rearrangement. To achieve this, in 
situ K{benzo[c]cinnoline} was generated by reduction with potassium graphite and 
added to an equivalent of Cp*UI(MesPDIMe) (3-Cp*) (Scheme 2.8). After workup, the 
isolated dark brown/green complex was analyzed by 1H NMR spectroscopy revealing a 
paramagnetic spectrum with similar peak distributions to 14 and 15 with the largest 
resonance assigned to the Cp* (1.95 ppm). Again, the furthest downfield (62.73 and 
60.89 ppm) and upfield (-216.46 and -158.04 ppm) resonances correspond to bound 
benzo[c]cinnoline bearing radical character allowing for assignment as 
Cp*U(BCC)(MesPDIMe) (16). 
 Structural confirmation of monomeric 16 was achieved by X-ray diffraction 
analysis of crystals obtained from a concentrated hexamethyldisiloxane/n-pentane (1:5) 
solution stored at -35 °C. Refinement of the data revealed the monomeric analogue of 14, 
a uranium pyridine(diimine) complex bound by an η2-benzo[c]cinnoline with an η5-Cp* 
(U1-Ct = 2.523 Å) cap (Figure 2.17, Table 2.5). The η2-diazo interaction displays two 
uranium-nitrogen distances of intermediate length (2.413(9) and 2.388(9) Å) consistent 
117 
 
with a singly reduced moiety with the N-N bond reduced to 1.372(13) Å. The tridentate 
pyridine(diimine) chelate possesses the alternating long and short intraligand bond 
distances of a classic closed shell dianion. This electronic structure is further borne out by 
a single long uranium-nitrogen interaction (U1-N1 = 2.612(10) Å) as well as two short 
contacts (U1-N2 = 2.258(9); U1-N3 = 2.290(8) Å). 
 
 
Figure 2.18 EPR spectra of in situ generated K{benzo[c]cinnoline}, 14, 15, and 16. 
Parameters: in situ generated K{benzo[c]cinnoline} (green, toluene:THF 5:1, 6.81 mM, 
power: 0.05 mW, modulation: 0.01 mT / 100 kHz), 14 (black, toluene, 2.63 mM, power: 
4.08 mW, modulation: 0.10 mT / 100 kHz), 15 (red, toluene, 7.00 mM, power: 6.04 mW, 
modulation: 0.15 mT / 100 kHz), and 16 (blue, toluene, 4.96 mM, power: 3.03 mW, 
modulation: 0.40 mT / 100 kHz) recorded at ambient temperature. Frequency: 9.85 GHz. 
 
 
 To probe the existence of benzo[c]cinnoline radical character in complexes 14-16, 
X-band EPR spectroscopy was employed (Figure 2.18). Each species displays a weakly 
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intense, broadened isotropic signal centered at ǀgǀ = 1.974 at room temperature in toluene, 
similar to that observed for Cp*UO2(MesPDIMe) (ǀgǀ = 1.974), which contains a 
pyridine(diimine) radical.24 Uranium(III) and uranium(V) complexes are generally 
known to be EPR silent above liquid nitrogen temperatures,34 while uranium 5f2 species 
are expected to produce an EPR signal at very low temperature only under rare 
circumstances,88 suggesting the observed room temperature signals for 14-16 are ligand 
radical derived. Owing to the broadened signals, each displays a poorly resolved 
hyperfine splitting pattern consistent with previous studies on the spectroscopic 
investigations of the expected splitting pattern of the benzo[c]cinnoline radical anion.89-92 
Although poorly resolved, the observed splitting is similar to that noted for the product 
from the room temperature chemical oxidation of UO2(salophentBu)(H2O) (salophentBu = 
N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamine), which has been attributed 
to a radical cation localized on the salophen ligand.93  The g-values of 14-16 are 
significantly shifted from that of in situ generated K{benzo[c]cinnoline} (Figure 2.18, 
green trace) (ǀgǀ = 2.002) and its derivatives94 suggesting the ligand radicals are 
associated with uranium but not localized there. 
 
 
Figure 2.19 Electronic absorption spectra. Left: Complex 15 (red) and 
K{benzo[c]cinnoline} (green). Right: Complexes 3-Cp* (gold), 14 (black), and 17 
(blue). All data were obtained in THF at ambient temperature. Solvent overtones between 
1670 and 1760 nm have been omitted for clarity. 
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 To gain further insight into their electronic structures, complexes 14, 15, and 16 
were investigated by electronic absorption spectroscopy (Figure 2.19). Data were 
recorded in THF at ambient temperature from 320-2100 nm. In the near-infrared region, 
each complex displays weakly intense absorptions characteristic of f-f transitions. These 
transitions are rather ill-defined and likely obscured by a visible band. For dimeric 14, the 
visible region is comprised of multiple transitions, while 15 possesses a defined 
absorbance at 635 nm (802 M-1cm-1). In 16, this band appears at the same energy with 
emerging vibrational fine structure and is comparatively hyperchromic (2222 M-1cm-1). 
These visible bands are consistent with those observed in the electronic absorption 
spectrum of K{benzo[c]cinnoline} (Figure 2.19, left, green). For comparison, the 
spectrum of 3-Cp* was also obtained as this complex contains the same 
pyridine(diimine) electronic structure but does not contain the benzo[c]cinnoline ligand 
radical. For 3-Cp*, the same visible absorbance was observed at 664 nm (ε = 1550 M-
1cm-1). Therefore, this far visible absorbance for 14, 15, and 16 is attributable to 
contributions from both the closed shell pyridine(diimine) dianion as well 
[benzo[c]cinnoline]1- while evidence of the benzo[c]cinnoline radical in complexes 14-16 
appears as broad shoulders from 340-460 nm and are notably absent in 3-Cp*. The 
energies of these absorptions is similar to that observed in K{benzo[c]cinnoline} (438 




Figure 2.20 Top: Temperature dependence of magnetic susceptibilities for compounds 3-
Cp* (gold), 14 (black), and 16 (blue) obtained at an applied dc field of 5000 Oe. Bottom: 
Field dependence of magnetization for compounds 3-Cp*, 14, and 16, collected at 1.8 K. 
 
 
The magnetic properties of the pyridine(diimine) uranium species 3-Cp*, 14 and 
16 were measured in the solid state using SQUID magnetometry. Compound 3-Cp* was 
used as a reference, since this species was previously established to be a closed shell, 
uranium(IV) compound with no ligand radical(s) present.20  The magnetic susceptibility 
for 3-Cp* ranges from 1.20 cm3·K/mol (eff value = 3.15) at 300 K to 0.03 cm3·K/mol 
(eff value = 0.46) at 2 K; the monotonic decrease in χMT values is typically encountered 
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for non-interacting U(IV) ions where ground state singlets show paramagnetic responses 
at higher temperatures due to population of magnetic excited states (Figure 2.20, top).95-
98, 10 Furthermore, the magnetization of 3-Cp* is 0.07 B at 1.8 K under an applied dc 
magnetic field of 50 kOe (Figure 2.20, bottom), which further supports the assignment of 
a singlet ground state without the presence of a ligand radical.  
Compound 16 displays a room temperature magnetic susceptibility value of 1.29 
cm3·K/mol (eff value = 3.21) where the χMT product decreases slowly over all 
temperatures until 4 K where the χMT value is 0.67 cm3·K/mol (eff value = 2.32). While 
the high temperature magnetic susceptibility value for 16 is indistinguishable from 
compound 3-Cp*, the far different temperature-dependent susceptibility suggests a 
distinct electronic structure. The low temperature χMT value of 16 is higher than reported 
for other U(IV) complexes where one ligand radical is present.99-101 Notwithstanding, the 
magnetization for 16 saturates at 1.06 B at 1.8 K under an applied dc magnetic field of 
50 kOe, consistent with the presence of a ligand radical combined with some minor 
occupation of U(IV) excited states.17 This hypothesis is in agreement with our 
spectroscopic data, which suggest that the ligand radical is isolated on the BCC moiety 






Figure 2.21 Reduced magnetization collected on compound 14. The lines represent fits 
obtained from Anisofit 2.0. The values associated with the fit to an anisotropic S = 1 
ground state spin are as follows: fsum = 0.00700, g = 2.09, D = 1.22 cm-1, E = 0.40 cm-1. 
 
 
 Whereas the 300 K χMT value for compound 5 of 2.48 cm3·K/mol (eff value = 
4.45) is comparable to χMT for 3-Cp* and 16 on a per-U atom basis, this value does not 
trend toward zero as the temperature is decreased. Instead, it decreases gradually to 1.10 
cm3·K/mol (eff value = 2.97) at 7 K, whereupon the value decreases more sharply to 
0.82 cm3·K/mol (eff value = 2.56) at 2 K. The field dependence of magnetization, 
collected at 1.8 K, approaches (but does not reach) saturation at 50 kOe with a value of 
1.99 μB (Figure 2.20, bottom), consistent with two unpaired electrons in the ground state 
and magnetic anisotropy. Based on the lack of substantial exchange interactions between 
BCC•- and U(IV) observed in the related mononuclear compound 16 and the orbital 
singlet ground state observed for the U(IV) complex in 3-Cp*, we can rationalize the low 
temperature susceptibility and magnetization properties of dimeric 14 as an S = 1 ground 
state resulting from ferromagnetic coupling of the ligand radical spins. Quantification of 
the exchange coupling is hampered by the presence of U(IV) ions, but susceptibility data 
corrected for the behavior of the “simple” U(IV) complex 3-Cp* support the formulation 
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of a triplet ground state (Figure 2.23) and further discussion in the SI). Here, the U(IV) 
ions do not substantially impact the exchange coupling, but may contribute to anisotropy 
through excited state contributions to the overall complex electronic structure. The 
expected magnetic anisotropy is observed as non-overlaying isofield magnetization 
values as a function of reduced field (Figure 2.21). In addition, some frequency 
dependence in the out-of-phase susceptibility values (Figure 2.22) is observed, consistent 




Figure 2.22 Field and frequency dependence of the out-of-phase magnetic susceptibility 
data for compound 14 at 1.8 K (ac field 4 Oe). 
 
 
 In support of this assignment, we note that a diiron complex bridged by a 
dimerized dianionic (bi)pyridine ligand has been reported by Holland, Neese and 
coworkers to show weak ferromagnetic coupling of the iron-ligand spin systems.33 In the 
current work, the coupling in 14 appears to be qualitatively stronger (Figure 2.23) even 
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though the bridging ligand in 14 is less conjugated than the dimerized pyridine species in 
the Holland/Neese report; we note that the Ci symmetry of 14 and two sp3 hybridized 
bridge atoms lead to strict orthogonality of the π-based spin systems, whereas C2 
symmetry of the iron dimer might allow more orbital overlap and thus competing 
antiferromagnetic interactions. Conceptually related, another dinuclear species recently 
reported by Heyduk and some of us shows four spin centers (two ligand radicals and two 
iron centers) present in a molecule where the magnetic behavior was best modelled as 





Figure 2.23 Temperature dependent magnetic susceptibility of compound 14 (1st batch) 
after subtraction of two times the magnetic susceptibility of compound 3-Cp* (2nd batch) 




 Therefore, in our view the most reasonable representation of the magnetic data 
(and electronic structure) for compound 14 comprises two uranium-ligand coupled spin-
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systems, each having one ligand radical (delocalized on the BCC ligand) and one U(IV) 
ion, the ferromagnetic coupling of which results in an S = 1 ground state. 
 
2.5. Conclusion 
 In summary, the electronic structures of a family of uranium trans-bis(imido) 
species have been interrogated through a combined spectroscopic and structural analysis. 
The reduction capabilities of analogous cyclopentadienyl uranium(IV) pyridine(diimine) 
species which feature trianionic ligands was assessed using both organoazides and 
diazenes.  In the case of the less electron donating CpP ring, bis(imido) species were only 
formed from azide activation, as these species were not reducing enough to cleave 
diazenes. The corresponding uranium(V) bis(imido) complexes have neutral 
pyridine(diimine) ligands, indicating that an overall four electron transfer occurred in the 
azide activation, with cooperative ligand and metal oxidation. The more electron rich Cp* 
derivatives are reducing enough to cleave diazenes, forming trans-bis(imido)species. 
These compounds have strikingly different electronic structures, specifically due to the 
presence of methyl groups on the imido substituents. For the phenyl substituted 8-Cp*, 
the same electronic structure is noted as for the CpP derivative. However, the presence of 
electron donating methyl groups in the p-tolyl derivative stabilizes a build-up of electron 
density on a meta-carbon of the pyridine ring, generating an overall U(VI) species with a 
ligand radical. 
 From these studies, it is clear that subtle variations in the electron donicity in 
either the cyclopentadienyl or imido ligand substituents produce drastic changes in the 
location of unpaired electrons in this family. It is important to know that in cases where 
the reduced pyridine(diimine) ligand is observed, the radical is localized on a specific 
carbon atom.  This is in sharp contrast to what is observed in transition metal chemistry, 
where reduction in pyridine(diimine) ligands is often delocalized throughout the entire 
plane of the pyridine and imine substituents. The electron localization is substantiated 
both structurally and spectroscopically. Furthermore, the U(V) and U(VI) oxidation state 
assignments are corroborated by X-ray absorption spectroscopic studies. From these 
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studies, we have established three different electronic structures for the uranium(VI) 
bis(imido) family.  
 We have demonstrated diazene activation by low-valent uranium compounds 
featuring different frameworks.  In the case of the bis-Tp* system, isolation of the first 
dianionic η2-1,2-diphenylhydrazido ligand bound to uranium was possible, likely due to 
the steric protection of the bulky hydrotris(3,5-pyrazolyl)borate ligands. Significantly, the 
diazene has been reduced by two electrons, as Tp*2UCH2Ph acts as a source of divalent 
[Tp*2U]. In the case of the pyridine(diimine) system, complete N-N cleavage was noted 
and is attributed to both the relatively coordinatively unsaturated uranium center, and to 
the highly reducing trianionic pyridine(diimine) ligand that mediates a four electron 
transfer for bond scission. Only in the case of the tethered diazene, benzo[c]cinnoline, is 
the N-N bond retained in this ligand system, and in each case, the presence of ligand 
radicals supported by spectroscopic, structural, and magnetic studies.    
 The studies presented herein highlight the importance of ligand framework 
choice, in that utilizing the sterically demanding Tp* permits isolation of the first 
uranium η2-1,2-diphenylhydrazido species. Thus, 12-AzBz serves as a model for this key 
intermediate proposed to be significant in N-N bond cleavage pathways, providing 
further evidence to Burns’ idea that four electron diazene cleavage by uranium occurs at a 
single metal center. This idea was further substantiated using the highly reduced 
Cp*/MesPDIMe system, where formation of the mixed p-tolyl/phenyl bis(imido) (13-
Ph/Tol) was possible via cleavage of the asymmetric diazene PhN=NTol. Significantly, 
activation of benzo[c]cinnoline demonstrated that the first reduction of the diazo-moiety 
occurs via oxidation of the pyridine(diimine) ligand, rather than uranium, maintaining the 
+4 metal oxidation state. Furthermore, products 14, 15, and 16 are an unusual family 
where both the pyridine(diimine) and benzo[c]cinnoline ligands house radicals 
simultaneously, although those present in [MesPDIMe]2- are best described as a closed shell 
configuration. With this insight into the mechanism of diazene cleavage, further studies 
for the synthesis of heteroleptic bis(imido) species from directed activation of N-N bonds 
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CHAPTER 3. GENERATION, CHARACTERIZATION, AND STOICHIOMETRIC 
REDUCTIVE SILYLATION OF URANYL SPECIES SUPPORTED BY 




 Two uranium(VI) uranyl compounds, Cp*UO2(MesPDIMe) (18-Cp*) and 
Cp*UO2(tBu-MesPDIMe) (18-tBu) (Cp* = 1,2,3,4,5-pentamethylcyclopentadienide; 
MesPDIMe = 2,6-((Mes)N=CMe)2-C5H3N; tBu-MesPDIMe = 2,6-((Mes)N=CMe)2-p-
C(CH3)3C5H2N; Mes = 2,4,6-trimethylphenyl), have been synthesized by addition of N-
methylmorpholine N-oxide to trianionic pyridine(diimine) uranium(IV) precursors, 
Cp*U(MesPDIMe)(THF) (1), Cp*U(MesPDIMe)(HMPA) (1-HMPA), and Cp*U(tBu-
MesPDIMe)(THF) (1-tBu). These uranyl complexes contain singly reduced 
pyridine(diimine) ligands suggesting formation occurs via cooperative ligand/metal 
oxidation. Treating 18-Cp* or 18-tBu with stoichiometric equivalents of Me3SiI results in 
stepwise oxo silylation to form (Me3SiO)2UI2(MesPDIMe) (20-Cp*) and (Me3SiO)UI2(tBu-
MesPDIMe) (20-tBu), respectively. Additional equivalents result in full uranium-oxo bond 
scission and the formation of UI4(1,4-dioxane)2 with extrusion of hexamethyldisiloxane. 
Further, silylating reagents, R3Si-X (R = Me, X = Cl, I, OTf, SPh; R = Ph, X = Cl), 
effectively add across the strong O=U=O bonds in the presence of the Lewis base, 
OPPh3, generating products of the form (R3SiO)2UX2(OPPh3)2 (R = Me, X = I (22), Cl 
(23), SPh (25), OTf (26); R = Ph, X = Cl (24)). During this transformation, reduction to 
uranium(IV) occurs with loss of (Cp*)2 and MesPDIMe, each of which acts as a one-
electron source. In the reaction, the Lewis base serves to activate the silyl halide, 




which undergoes facile transfer to the oxo groups. Complete U-O bond scission was 
accomplished by treating the uranium(IV) disiloxide compounds with additional 
silylating reagent, forming the family (Ph3PO)2UX4. The uranium complexes have been 
characterized via multinuclear NMR, vibrational, and electronic absorption 
spectroscopies, and in some cases, X-ray crystallography. 
 
3.2. Introduction 
 The reduction of the strong uranium-oxygen multiple bonds in the uranyl dication, 
[UO2]2+, has been studied using a variety of strategies, including chemical, microbial, 
thermal, and photo processes.1 Such transformations have important applications, 
including environmental remediation2  and nuclear fuels processing.3, 4  One such pathway 
popularized recently is reductive silylation,5  which takes advantage of a strong 
thermodynamic driving force for the formation of Si-O bonds for activation of the robust 
uranium-oxygen multiple bonds. Pioneering work by Ephritikhine demonstrated full U-O 
bond cleavage via reductive silylation by addition of a large excess of Me3Si-X (X = Cl, 
Br, I) to UO2I2(THF)3 generating UX4(NCMe)4.6  This proved to be an effective strategy 
for the generation of uranium halide starting materials, but using an excess of silylating 
reagent is problematic for homogeneous systems with alkoxide ligands, as the U-O 
silylation is not selective.7  Following this, Arnold showed controlled silylation of a 
uranyl using a polypyrrolic Pacman ligand system, which serves to activate one end of 
the uranyl unit for functionalization to occur at the other.5, 8, 9  More recently, Hayton has 
extended reductive silylation chemistry to silanes, showing U-O silylation could be 
achieved in the presence of a Lewis acid, which activates the Si-H bond.10-12  
 Uranyl reduction is generally thought to proceed through the pentavalent uranyl 
ion, [UO2]+.13  However, these complexes can be difficult to isolate due to the propensity 
for uranium(V) complexes disproportionate to uranium(IV) and uranium(VI) products.14  
While pentavalent uranyl complexes have been successfully isolated,15  they are relatively 
rare as compared to their higher valent counterparts. One synthetic strategy for 
pentavalent uranyl formation not commonly attempted is the use of redox non-innocent 
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ligands, which are routinely used to generate masked forms of lower-valent metal 
species. Recently, Ikeda demonstrated this principle with the formation of 
[UO2(gha)(dmso)]− (gha = glyoxal bis(2-hydroxanil)ate; dmso = dimethyl sulfoxide).16  
While formally this would appear as a pentavalent uranyl anion, this molecule is more 
accurately described with a hexavalent uranium center supported by a radical glyoxal 
ligand. This was confirmed using spectroelectrochemistry and was further probed using 
DFT calculations. Due to the transient nature of [UO2(gha)DMSO]−, neither 1H NMR 
spectroscopic nor X-ray crystallographic analyses were possible. 
 Recently, we have shown the redox non-innocent pyridine(diimine) ligand, 
MesPDIMe, can also support ligand radicals at low-valent uranium.17  For instance, 
characterization of Cp*U(MesPDIMe)(THF) by X-ray crystallography elucidated ligand 
distortions that were consistent with a trianionic ligand, [MesPDIMe]3-, thus formulating the 
uranium center to be in the +4 oxidation state rather than the +1 oxidation state that 
would accompany a neutral ligand.18   Interestingly, this reduced ligand serves as a potent 
reductant toward strong bonds, specifically the N=N double bond in azobenzene, 
completely cleaving this bond and generating the uranium trans-bis(imido) species, 
Cp*U(MesPDIMe)(NPh)2. In this case, all three electrons from the ligand framework plus 
one from the uranium center were used to perform this four electron cleavage, leaving a 
neutral MesPDIMe ligand supporting a U(V) species. Noting that ligand oxidation was 
facile in this case, we hypothesized the analogous pentavalent uranyl species could be 
formed from Cp*U(MesPDIMe)(THF) using an oxo transfer agent. Surprisingly, a 
hexavalent uranyl species supported by a MesPDIMe radical was the preferred resonance 
form by analogy to [UO2(gha)DMSO]−. Herein, we report the synthesis, isolation, and 
full characterization of this unusual uranyl species, along with its unprecedented 
stoichiometric reductive silylation chemistry using Me3SiI, which results in U-O bond 
scission. We hypothesized the observed functionalization occurred quite readily due to 
several factors, including 1) the activated bent uranyl moiety, 2) electrophilicity of the –
SiMe3 group in Me3SiI, and 3) the ligands acting as an electron source. While variation of 
the ligands was possible in this context, we sought a method by which to probe the 
effects of tuning the electrophilicity of silyl subsitutents to determine its influence on 
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uranyl functionalization. A demonstration of this has been reported, showing that R3Si-X 
reagents react with a variety of Lewis bases to generate salts (Equation 1).62 This reaction 
is an equilibrium that can be fine tuned through three simple modifications: 1) altering 
the basicity of the Lewis base, 2) changing the electronics of R-substituents, or 3) 
modifying the leaving group ability of X. We hypothesized that a more electrophilic 
silylium ion would facilitate uranyl functionalization. Herein, we report our studies aimed 
at expanding the scope of reagents useful for uranyl functionalization by facilitating 




 All air- and moisture-sensitive manipulations were performed using standard 
Schlenk techniques or in an MBraun inert atmosphere drybox with an atmosphere of 
purified nitrogen. The MBraun drybox was equipped with a cold well designed for 
freezing samples in liquid nitrogen as well as two −35 °C freezers for cooling samples 
and crystallizations. Solvents for sensitive manipulations were dried and deoxygenated 
using literature procedures with a Seca solvent purification system.19  Benzene-d6 was 
purchased from Cambridge Isotope Laboratories, dried with molecular sieves and 
sodium, and degassed by three freeze–pump–thaw cycles while CDCl3 and CD2Cl2 were 
distilled from CaH2. Me3Si-I, Me3Si-OTf, Me3Si-SPh, Ph3Si-Cl, iPr3Si-Cl, OPPh3, N-
Methylmorpholine N-oxide, iodotrimethylsilane, and potassium trimethylsilanolate were 
used as received from Sigma-Aldrich. Me3Si-Cl and hexamethylphosphoric triamide 
were distilled from CaH2. OP(p-Tol)3,79 4-tert-butyl-2,6-diacetylpyridine,25 
Cp*2UI(THF),20  potassium graphite,21  Cp*U(MesPDIMe)(THF),18  and UI4(dioxane)222  
were prepared according to literature procedures. 
 1H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at 
299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H 
(residual) chemical shifts of the solvent as a secondary standard. The spectra for 
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paramagnetic molecules were obtained by using an acquisition time of 0.5 s, thus the 
peak widths reported have an error of ±2 Hz. For paramagnetic molecules, the 1H NMR 
data are reported with the chemical shift, followed by the peak width at half height in 
Hertz, the integration value, and, where possible, the peak assignment. 31P spectra were 
recorded on a Varian Inova 300 spectrometer operating at 121.423 MHz and chemical 
shifts are reported relative to 85% H3PO4. 29Si spectra were recorded on a Bruker AV-III-
500-HD spectrometer operating at 99.38 MHz with an approximate 30-degree observe 
pulse, acquisition time of 0.8 sec., and a relaxation time of 6 sec. Elemental analyses 
were performed by Complete Analysis Laboratories, Inc., Parsippany, NJ. Electronic 
absorption measurements were recorded at 294 K in sealed 1 cm quartz cuvettes with a 
Jasco V-6700 spectrophotometer.  
 Single crystals suitable for X-ray diffraction were coated with poly(isobutylene) 
oil in a glovebox and quickly transferred to the goniometer head of the specified 
instrument. Crystals of Cp*U(tBu-MesPDIMe)(THF) (1-tBu), Cp*UO2(MesPDIMe) (18-
Cp*), and (Me3SiO)2UI2(MesPDIMe) (20-Cp*) were transferred to the goniometer head of 
a Nonius KappaCCD image plate diffractometer equipped with a graphite crystal, 
incident beam monochromator and examined with Mo K radiation (λ = 0.71073 Å). 
Crystals of 18-Cp* 18-tBu, 22, 24, 25, and 26 were transferred to the goniometer head of 
a Rigaku Rapid II image plate diffractometer equipped with a MicroMax002+ high 
intensity copper X-ray source with confocal optics and examined with Cu K radiation (λ 
= 1.54184 Å). Crystals of Cp*U(MesPDIMe)(HMPA) (1-HMPA) were transferred to a 
Bruker AXS D8 Quest CMOS diffractometer equipped with a complementary metal-
oxide-semiconductor (CMOS) detector and I--S Mo K microsource X-ray tube ( = 
0.71073 Å) operated at 50 kV and 1 mA with laterally graded multilayer (Goebel) mirror 
X-ray optics. The data were collected at low temperature (See Table 1.1).  
 The resonance Raman system is based on SpectraCode optical rail design. A 
Melles-Griot HeNe laser (632.8 nm, 25 mW) and a SLOC Lasers DPSS laser module 
(532 nm, 100 mW) are used as excitation sources. The laser is coupled into a 
SpectraCode optical rail via an optical fiber. Semrock MaxLine® Laser-line and 
Stopline® single-notch filters are used to select and guide the laser beam through 
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objective lenses (Nikon 100x EPlan, Olympus 20x LMPlanFL and Mitutoyo 50x MPlan) 
to the sample. A video system is used to choose the sample area for data collection. 
Backscattered Raman photons are guided through a second fiber into an Acton Research 
SpectraPro 300i spectrograph (1200 g/mm grating). A Roper Scientific LN2-cooled CCD 
(1340*400 pixels) is used for detection. Spectra were collected for Cp*UO2(MesPDIMe) 
(18-Cp*) (conc. solution in toluene in sealed cuvette) with four signal accumulations 
between 300 and 1565 rel. cm-1 using Roper Scientific WinSpec software. Raman spectra 
for MesPDIMe, tBu-MesPDIMe, and Cp*UO2(tBu-MesPDIMe) (18-tBu) were recorded as solids 
in sealed capillary tubes on a Nicolet Series Raman spectrometer with a NXR FT Raman 
Module equipped with a 1064 nm excitation laser for 64 scans each at powers of 1.00 
mW (MesPDIMe, tBu-MesPDIMe) and 0.20 mW (18-tBu). 
 All voltammetric data were obtained under inert atmosphere conditions using 
external electrical ports of the MBraun inert drybox. All data were obtained using a 
Gamry Instruments Interface 1000 model potentiostat using the Gamry Instruments 
Laboratory software on a Windows 7 model laptop. Samples were collected in 
acetonitrile with 0.1 M [Bu4N][PF6] supporting electrolyte concentration. Data were 
collected without internal resistance corrections. Solutions were obtained in 4 dram cells, 
consisting of a 3mm glassy carbon working electrode, a platinum wire counter electrode, 
and a silver wire quasi-reference electrode. Potential corrections were performed at the 
end of the experiment using the Fc0/+ couple as the internal standard. 
Synthesis of tBu-MesPDIMe A 250 mL round bottom flask was charged with 4-tert-butyl-
2,6-diacetylpyridine (5.00 g, 0.023 mol), 2,4,6-trimethylaniline (9.87 g, 0.073 mol), 
catalytic acetic acid (1 mL), and 100 mL of toluene.  The flask was fitted with a Dean-
Stark trap and refluxed for 24 h.  Volatiles were then removed via rotary evaporation 
affording a brown slurry.  An equal amount of boiling n-butanol was added, and the 
mixture placed in the freezer (-25 °C) for three days during which yellow solid 
precipitated.  The solid was collected via vacuum filtration and washed with cold (-25 
°C) n-butanol affording fluffy yellow solid (5.950 g) assigned as tBu-MesPDIMe. A second 
crop was collected from the mother liquor (0.785 g; 6.735 g total, 0.015 mol, 65%) after 
another week at -25 °C. Elemental analysis of C31H39N3: Calculated, C, 82.07; H, 8.66; 
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N, 9.26. Found: C, 81.94; H, 8.80; N, 9.39.  1H NMR (C6D6, 23 °C):  = 1.17 (s, 9H, 
C(CH3)3), 2.11 (s, 12H, o-CH3), 2.25 (s, 6H, CH3), 2.31 (s, 6H, CH3), 6.89 (s, 4H, m-
CH), 8.81 (s, 2H, 3,5-pyr-CH). 13C {1H} NMR (C6D6, 23 °C):  = 17.15 (q, J = 30.2, 
N=C-CH3) , 18.69 (q, J = 37.2, o-Ar-CH3), 21.44 (q, J = 32.5, p-Ar-CH3), 31.05 (q, J = 
17.4, C(CH3)3), 35.68 (s, C(CH3)3), 119.93 (d, J = 32.4, m-pyr-CH), 125.67 (s, o-Ar-
CCH3), 129.52 (d, J = 26.7, m-Ar-CH), 132.53 (s, p-Ar-CCH3), 147.48 (s, ipso-Ar-CH) , 
156.27 (s, o-pyr-CH), 161.64 (s, p-pyr-CH), 167.89(s, N=C-CH3). Melting Point: 173-
176 °C. UV-Vis (λmax, ε): 357 nm (1,610 M-1cm-1), 285 nm (11,434 M-1cm-1). 
Synthesis of Cp*U(MesPDIMe)(HMPA) (1-HMPA) A 20 mL scintillation vial was 
charged with Cp*U(MesPDIMe)(THF) (1-Cp*) (0.200 g, 0.237 mmol) and 5 mL of 
toluene. Hexamethylphosphoric triamide (0.041 mL, 0.240 mmol) was then added via 
micro syringe.  Volatiles were removed in vacuo and the resulting solid was washed with 
n-pentane (3 x 10 mL) and subsequently dried to afford brown powder (0.201 g, 0.212 
mmol, 89%) assigned as Cp*U(MesPDIMe)(HMPA). Single, X-ray quality crystals were 
obtained from a concentrated diethyl ether/THF solution (1:10) at -35 ºC. Elemental 
analysis of C43H64N6OPU: Calculated, C, 54.36; H, 6.79; N, 8.85.  Found, C, 54.21; H, 
6.56; N, 8.62. 1H NMR (C6D6, 25 ºC) δ = -9.40 (5, 3H, CH3), -4.09 (4, 3H, CH3), -2.63 
(3, 15H, Cp*), -2.43 (21, 1H, Ar-CH), 0.05 (d, J = 7, 18H, HMPA), 0.14 (3, 3H, CH3), 
1.01 (3, 3H, CH3), 2.49 (d, J = 11, 1H, Ar-CH), 5.53 (4, 3H, CH3), 5.75 (17, 1H, Ar-CH), 
8.28 (6, 3H, CH3), 15.19 (dt, J = 9, 4, 1H, p-pyr-CH), 15.71 (d, J = 21, 1H, m-pyr-CH), 
17.20 (3, 3H, CH3), 21.48 (4, 3H, CH3), 24.00 (d, J = 10, 1H, Ar-CH), 31.80 (d, J = 21, 
1H, m-pyr-CH). 31P NMR (C6D6, 25 °C)  = 164.91 (s, 1P, HMPA). 
Synthesis of Cp*U(tBu-MesPDIMe)(THF) (1-tBu) A 20 mL scintillation vial was charged 
with Cp*2UI(THF) (0.200 g, 0.282 mmol), tBu-MesPDIMe (0.129 g, 0.284 mmol), and 10 
mL of toluene and stirred for 30 min resulting in a color change from green to brown. 
Potassium graphite (0.115 g, 0.851 mmol) was then added to the mixture and stirred an 
additional 2 h. After removal of volatiles in vacuo, the product was extracted into diethyl 
ether, filtered over Celite, and subsequently dried to afford brown powder (0.242 g, 0.269 
mmol, 95%) assigned as Cp*U(tBu-MesPDIMe)(THF). Single, X-ray quality crystals were 
obtained from a concentrated diethyl ether solution at -35 °C. Elemental analysis of 
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C45H62N3OU: Calculated, C, 60.12; H, 6.95; N, 4.67.  Found, C, 59.85; H, 6.89; N, 4.78. 
1H NMR (C6D6, 25 ºC) δ = -34.14 (42, 2H, 2-THF-CH2), -33.49 (41, 2H, 2-THF-CH2), -
15.16 (40, 2H, 3-THF-CH2), -15.06 (41, 2H, 3-THF-CH2), -3.78 (3, 9H, C(CH3)3), -2.55 
(3, 15H, Cp*-CH3), 2.01 (3, 3H, p-Ar-CH3), 2.40 (3, 3H, p-Ar-CH3), 7.45 (d, J = 18, 1H, 
m-pyr-CH), 8.70 (6, 1H, m-Ar-CH), 9.04 (4, 1H, m-Ar-CH), 10.00 (5, 1H, m-Ar-CH), 
10.60 (4, 3H, o-Ar-CH3), 12.11 (4, 3H, o-Ar-CH3), 12.84 (4, 3H, o-Ar-CH3), 13.16 (5, 
1H, m-Ar-CH), 13.70 (4, 3H, o-Ar-CH3), 24.02 (4, 3H, N=CCH3), 24.50 (d, J = 23, 1H, 
m-pyr-CH), 27.36 (4, 3H, N=CCH3). 
Synthesis of Cp*UO2(MesPDIMe) (18-Cp*)  A 20 mL scintillation vial was charged with 
Cp*U(MesPDIMe)(THF) (1-Cp*) (0.110 g, 0.130 mmol) and 5 mL of toluene. To this, N-
methylmorpholine N-oxide (0.031 g, 0.265 mmol) was added as a solid and the solution 
stirred for 3 hrs resulting in a gradual color change from brown to dark blue. Volatiles 
were removed in vacuo and the product was extracted into n-hexane. The solution was 
dried, affording blue powder (0.087 g, 0.108 mmol, 83%) assigned as 
Cp*UO2(MesPDIMe). Single, X-ray quality crystals were obtained from either concentrated 
pentane/THF (10:1) or ether/pentane/toluene (10:2:1) solutions at -35 °C. Elemental 
analysis of C37H46N3O2U: Calculated, C, 55.36; H, 5.78; N, 5.23.  Found, C, 55.44; H, 
5.85; N, 5.18.  1H NMR (C6D6, 25 °C) δ = 1.18 (s, 3H, N=CCH3), 1.42 (s, 3H, N=CCH3), 
2.22 (s, 6H, Ar-CH3), 2.24 (s, 6H, Ar-CH3), 2.27 (s, 6H, Ar-CH3), 3.63 (d, J = 3.9, 1H, 
m-pyr-CH), 4.50 (s, 15H, Cp*), 5.02 (dt, J = 3.9, 9.9, 1H, p-pyr-CH), 6.18 (d, J = 9.9, 
1H, m-pyr-CH), 6.89 (s, 2H, Ar-CH), 6.90 (s, 2H, Ar-CH). 13C NMR (C6D6, 25 °C) δ = 
6.99 (q, J = 19, Cp*-CH3), 17.71 (q, J = 16, N=CCH3), 18.12 (Ar-CH3), 18.33 
(N=CCH3), 18.64 (Ar-CH3), 18.70 (Ar-CH3) 29.01 (m-pyr-CH), 114.94 (d, J = 27, m-pyr-
CH), 129.56 (ArC), 129.51 (d, J = 33, Ar-CH), 129.61 (d, J = 34, Ar-CH), 132.42 (ArC), 
133.55 (ArC), 135.21 (ArC), 135.51 (ArC), 137.37 (Cp*-CCH3), 145.46 (ArC), 145.68 
(ArC), 167.33 (ArC), 172.69 (ArC). IR: υ(O=U=O asym) = 876 cm-1. rRaman: υ(O=U=O sym) = 
788 cm-1. UV-Vis (λmax, ε): 285 nm (16,542 M-1cm-1), 344 nm (10,694 M-1cm-1), 611 nm 
(11,439 M-1cm-1). 
Synthesis of Cp*UO2(tBu-MesPDIMe) (18-tBu)  A 20 mL scintillation vial was charged 
with Cp*U(tBu-MesPDIMe)(THF) (1-tBu) (0.200 g, 0.222 mmol) and 5 mL of toluene. To 
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this, N-methylmorpholine N-oxide (0.052 g, 0.444 mmol) was added as a solid, and the 
solution stirred for 10 min resulting in a fast color change from brown to dark blue. 
Volatiles were removed in vacuo, and the product was extracted into n-pentane. The 
solution was dried, affording blue powder (0.165 g, 0.192 mmol, 86%) assigned as 
Cp*UO2(tBu-MesPDIMe). Single, X-ray quality crystals were obtained from a concentrated 
pentane/THF (20:1) solution at -35 °C. Elemental analysis of C41H54N3O2U: Calculated, 
C, 57.33; H, 6.34; N, 4.89.  Found, C, 57.22; H, 6.40; N, 4.84. 1H NMR (C6D6, 25 °C) δ 
= 1.01 (s, 9H, C(CH3)3) 1.44 (s, 3H, N=CCH3), 1.63 (s, 3H, N=CCH3), 2.10 (s, 6H, Ar-
CH3), 2.27 (s, 6H, Ar-CH3), 2.31 (s, 6H, Ar-CH3), 3.76 (s, 1H, m-pyr-CH), 4.51 (s, 15H, 
Cp*), 6.21 (s, 1H, m-pyr-ArH), 6.92 (s, 2H x 2, overlapping Ar-CH). 13C NMR (C6D6, 25 
°C) δ = 7.61 (q, J = 18.6, Cp*-CH3), 14.83 (Ar-CH3), 18.22 (q, J = 15.6, N=C-CH3), 
18.70 (q, J = 21.6, N=C-CH3), 19.19 (Ar-CH3), 23.26 (C(CH3)3), 28.49 (C(CH3)3), 28.83 
(m-pyr-CH), 35.42 (Ar-CH), 114.45 (m-pyr-CH), 129.91 (ArC), 130.24 (d, J = 27.6, Ar-
CH), 130.36 (d, J = 23.1, Ar-CH), 133.02 (ArC), 133.78 (ArC), 135.58 (ArC), 135.76 
(ArC), 136.21 (ArC), 137.77 (Cp*-CCH3), 145.93 (ArC), 168.27 (ArC), 172.07 (ArC). 
IR: υ(O=U=O asym) = 878 cm-1; υ(O=U=O sym) = 787 cm-1. UV-Vis (λmax, ε): 284 nm (13,435 M-
1cm-1), 346 nm (7,143 M-1cm-1), 620 nm (7,455 M-1cm-1). 
In Situ generation of Cp*UO(MesPDIMe)(HMPA) (17) A 20 mL scintillation vial was 
charged with Cp*U(MesPDIMe)(HMPA) (1-HMPA) (0.021 g, 0.022 mmol) and 2 mL of 
HMPA. In a seperate vial, N-methylmorpholine N-oxide (0.002 g, 0.017 mmol) was 
dissolved in ca. 1 mL THF and added dropwise to the first vial until a color change from 
brown to dark green was observed. Volatiles were then removed in vacuo. 1H NMR 
(C6D6, 25 °C)  = -12.98 (227, 18H, HMPA), -6.89 (163, 6H, CH3), -3.18 (20, 15H, 
Cp*), 16.38 (160, 6H, CH3), 17.67 (182, 1H, p-pyr-CH), 20.57 (131, 6H, CH3), 23.20 
(86, 2H, m-pyr-CH), 26.22 (76, 2H, Ar-CH), 32.29 (134, 2H, Ar-CH), 85.60 (154, 6H, 
N=CCH3). 
Synthesis of (Me3SiO)U(O)I(MesPDIMe) (19) A 20 mL scintillation vial was charged 
with Cp*UO2(MesPDIMe) (18-Cp*) (0.100 g, 0.125 mmol) and 3 mL of toluene and 
cooled to -35 ºC.  Me3SiI (0.017 mL, 0.119 mmol) was added via micro syringe and 
cooled again. After 24 h of cold storage, a color change from blue to purple was noted, 
143 
 
and the solution was layered with 10 mL of pentane. After cooling for another 24 h, the 
mother liquor was decanted, the solid washed with cold pentane and dried to afford dark 
purple solid (0.031 g, 0.036 mmol, 29%) assigned as (Me3SiO)U(O)I(MesPDIMe). UV-Vis: 
λmax = 575 nm. 
Synthesis of (Me3SiO)2UI2(MesPDIMe) (20-Cp*) A 20 mL scintillation vial was charged 
with Cp*UO2(MesPDIMe) (18-Cp*) (0.140 g, 0.174 mmol) and 5 mL of toluene.  Me3SiI 
(0.049 mL, 0.344 mmol) was added via microsyringe and stirred for 24 h resulting in a 
color change from blue to purple (2-4 h) and finally to red (8-12 h).  The solution was 
then layered with an equal volume of pentane and stored overnight at -35 °C resulting in 
precipitation of solid. The mother liquor was decanted and set aside.  The solid was dried 
in vacuo to afford red powder (0.122 g, 0.114 mmol, 66%) assigned as 
(Me3SiO)2UI2(MesPDIMe).  Single, X-ray quality crystals were obtained from a dilute 
benzene solution at room temperature.  Elemental analysis of C33H49N3O2Si2I2U: 
Calculated, C, 37.12; H, 4.63; N, 3.94.  Found, C, 37.13; H, 4.72; N, 3.83.  1H NMR 
(C6D6, 25 °C) δ = -9.26 (47, 12H, o-Ar-CH3), -0.10 (860, 6H, CH3), 6.25 (37, 6H, CH3), 
11.21 (36, 18H, Si(CH3)3), 11.65 (29, 4H, m-ArH), 15.05 (14, 2H, 3,5-pyr-ArH), 20.31 
(4, 1H, 4-pyr-ArH). IR: υ(SiCH3 symm. bend) = 1246 cm-1; υ(SiCH3 asymm. bend) = 840 cm-1. UV-
Vis (λmax, ε): 370 nm (7,171 M-1cm-1), 485 nm (11,471 M-1cm-1). The solvent of the 
mother liquor was evaporated to afford a slurry from which (C5Me5)2 was identified by 
1H NMR spectroscopy.24, 25   
Synthesis of (Me3SiO)2UI2(tBu-MesPDIMe) (20-tBu) A 20 mL scintillation vial was 
charged with Cp*UO2(tBu-MesPDIMe) (18-tBu) (0.145 g, 0.169 mmol) and 5 mL of 
toluene.  Iodotrimethylsilane (0.036 mL, 0.253 mmol) was added to this vial via 
microsyringe and stirred for 4 h. This resulted in a color change from blue to green (30 
min) and finally to brown (1 hr). Volatiles were removed in vacuo. The resulting mixture 
was washed with n-pentane until the washings ran clear. The solid was dried to afford 
brown powder (0.104 g, 0.093 mmol, 73%) assigned as (Me3SiO)2UI2(tBu-MesPDIMe). 
Elemental analysis of C37H57N3O2Si2I2U: Calculated, C, 39.54; H, 5.11; N, 3.74.  Found, 
C, 39.40; H, 4.96; N, 3.53.  1H NMR (C6D6, 25 °C) δ = -8.99 (22, 12H, o-Ar-CH3), 0.02 
(44, 6H, CH3), 4.47 (6, 9H, C(CH3)3), 6.21 (4, 6H, CH3), 11.42 (5, 18H, Si(CH3)3), 11.61 
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(5, 4H, m-ArH), 16.59 (1, 2H, 3,5-pyr-ArH). IR: υ(SiCH3 symm. bend) = 1246 cm-1; υ(SiCH3 
asymm. bend) = 852 cm-1. UV-Vis (λmax, ε): 354 nm (1682 M-1cm-1), 478 nm (484 M-1cm-1). 
The solvent of the mother liquor was evaporated to afford a slurry from which (C5Me5)2 
was identified by 1H NMR spectroscopy. 
Synthesis of (Me3SiO)UI3(THF)3 (21-THF) from 18-Cp* A 20 mL scintillation vial 
was charged with Cp*UO2(MesPDIMe) (18-Cp*) (0.138 g, 0.172 mmol) and 5 mL of 
toluene. Me3SiI (0.073 mL, 0.513 mmol) was added via microsyringe and stirred for 48 h 
resulting in a color change from blue to purple (0-1 h) and finally to red (4-6 h).  
Volatiles were removed in vacuo.  The resulting solid was washed with pentane and dried 
to afford a red powder. The red powder was recrystallized from a concentrated THF 
solution layered with n-pentane to afford green/brown powder (0.098 g, 0.106 mmol, 
62%) assigned as [(CH3)3SiO]UI3(THF)3. 1H NMR (C6D6, 25 °C) δ = -6.18 (321, 24H, 
THF), 50.74 (39, 9H, Si(CH3)3). 
Synthesis of 21-THF from 18-tBu A 20 mL scintillation vial was charged with 
Cp*UO2(tBu-MesPDIMe) (18-tBu) (0.100 g, 0.116 mmol) and 5 mL of toluene.  
Iodotrimethylsilane (0.050 mL, 0.351 mmol) was added via microsyringe and stirred for 
6 h resulting in a color change from blue to green (2-5 min) and finally to brown (1-2 h). 
Volatiles were removed in vacuo. The resulting solid was washed with pentane and dried 
to afford a brown powder. The powder was recrystallized from a concentrated THF 
solution layered with n-pentane to afford brown powder (0.080 g, 0.103 mmol, 81%) 
identified as (Me3SiO)UI3(THF)3. 
Synthesis of (Me3SiO)UI3(Et2O)3 (6-Et2O) A 20 mL scintillation vial was charged with 
UI4(p-dioxane)2 (0.200 g, 0.216 mmol) and 10 mL diethyl ether and cooled to -35 ºC.  
While stirring, potassium trimethylsilanolate (0.028 g, 0.218 mmol) was added as a solid, 
resulting in a color change from orange to greenish-brown.  Following 30 min of stirring, 
volatiles were removed in vacuo. The crude mixture was redissolved in THF and filtered 
over Celite.  The solution was concentrated, layered with pentane, and cooled to -35 °C 
overnight, resulting in the deposition of green crystals (0.080 g, 0.086 mmol, 40%) 
assigned as (Me3SiO)UI3(Et2O)3. Elemental analysis of C15H39O4Si1I3U: Calculated, C, 
19.37; H, 4.23; N, 0.00.  Found, C, 19.07; H, 4.49; N, 0.16.  1H NMR (C6D6, 25 °C) δ = -
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14.33 (523, 12H, Et2O-CH2), -9.08 (203, 18H, Et2O-CH3), 51.68 (29, 9H, Si(CH3)3). IR: 
υ(SiCH symm. bend) = 1249 cm-1; υ(SiCH asymm. bend) = 843 cm-1. UV-Vis (λmax, ε): 345 nm (1,596 
M-1cm-1). 
Synthesis of UI4(L)2 (L = Et2O, 1,4-dioxane) from (Me3SiO)UI3(Et2O)3. L = 1,4-
dioxane: A 20 mL scintillation vial was charged with (Me3SiO)UI3(Et2O)3 (0.058 g, 
0.062 mmol) and 2 mL 1,4-dioxane. While stirring, Me3SiI was added via micro syringe 
resulting in an immediate color change to red/orange from translucent yellow/orange. 
After 5 min, volatiles were removed in vacuo. The resulting solid was washed with n-
pentane and dried to afford orange solid (0.050 g, 0.054 mmol, 87%) identified by 1H 
NMR spectroscopy as UI4(1,4-dioxane)2.22  L = Et2O: A J-Young NMR tube was 
charged with (Me3SiO)UI3(Et2O)3 (0.018 g, 0.019 mmol), C6D6 (0.75 mL), diethyl ether 
(0.20 mL), and Me3SiI (via microsyringe, 0.0028 mL, 0.020 mmol). Shaking the tube 
resulted in an immediate color change to dark red/orange from translucent yellow/orange. 
1H NMR spectroscopy revealed the formation of both hexamethyldisiloxane and 
UI4(OEt2)2.26   
Synthesis of (Me3SiO)2UI2(OPPh3)2 (22) A 20 mL scintillation vial was charged with 
(0.100 g, 0.125 mmol) Cp*UO2(MesPDIMe) (18-Cp*) and 10 mL of toluene. 
Triphenylphosphine oxide (0.070 g, 0.252 mmol) was added and stirred for 5 min. Via 
microsyringe, Me3SiI (0.035 mL, 0.245 mmol) was added resulting in a gradual colour 
change from blue to purple to purple/red. After 4 hr, volatiles were removed in vacuo. 
The crude mixture was washed with n-pentane (3 x 10 mL) and the washings set aside.  
The remaining light red solid was recrystallized from dilute THF layered with pentane (-
35 °C) to afford off-white powder (0.126 g, 0.103 mmol, 82%) assigned as 
(Me3SiO)2UI2(OPPh3)2 (22). Single, X-ray quality crystals were obtained from a dilute 
toluene/n-pentane (1:1) solution at room temperature. Elemental analysis of 
C42H48O4Si2P2I2U: Calculated, C, 41.12; H, 3.95; N, 0.00.  Found, C, 41.17; H, 3.95; N, 
<0.02.  1H NMR (CDCl3, 25 °C) δ = -16.58 (91, 12H, o-Ph-CH), 3.14 (44, 12H, m-Ph-
CH), 4.59 (38, 6H, p-Ph-CH), 55.83 (111, 18H, Si(CH3)3). IR: (SiCH3 sym) = 1245 cm-1; 
υ(P=O) = 1070 cm-1; (SiCH3 asym) = 839 cm-1. UV-Vis: λmax = 362 nm, ε = 2205 M-1cm-1. 
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The solvent from the pentane washings was removed in vacuo to afford a slurry from 
which (C5Me5)2 and MesPDIMe were identified by 1H NMR spectroscopy. 
Synthesis of (Me3SiO)2UCl2(OPPh3)2 (23) A 20 mL scintillation vial was charged with 
(0.121 g, 0.151 mmol) Cp*UO2(MesPDIMe) (18-Cp*) and 10 mL of toluene. 
Triphenylphosphine oxide (0.084 g, 0.302 mmol) was added and stirred for 5 min. Via 
microsyringe, chlorotrimethylsilane (0.039 mL, 0.307 mmol) was added resulting in a 
gradual colour change from blue to purple over 30 min. After 4 hr, volatiles were 
removed in vacuo. The crude mixture was washed with n-pentane (3 x 15 mL) and the 
washings set aside.  The remaining solid was recrystallized from a concentrated THF 
solution layered with n-pentane (-35 °C) to afford off-white powder (0.081 g, 0.078 
mmol) assigned as (Me3SiO)2UCl2(OPPh3)2 (23). Further recrystallization of the mother 
liquor afforded an additional 0.072 g of off-white powder (0.153 g total, 0.147 mmol, 
97%). Elemental analysis of C42H48O4Si2P2Cl2U: Calculated, C, 48.31; H, 4.64; N, 0.00.  
Found, C, 48.46; H, 4.72; N, <0.02.  1H NMR (C6D6, 25 °C) δ = -16.76 (308, 12H, o-
TPPO-CH), 2.72 (251, 12H, m-TPPO-CH), 4.38 (222, 6H, p-TPPO-CH), 49.40 (561, 
18H, CH3). IR: (SiCH3 sym) = 1243 cm-1; υ(P=O) = 1081 cm-1; (SiCH3 asym) = 836 cm-1. UV-
Vis: λmax = 328 nm, ε = 635 M-1cm-1. The solvent from the pentane washings was 
removed in vacuo to afford a slurry from which (C5Me5)2 and MesPDIMe were identified 
by 1H NMR spectroscopy. 
Synthesis of (Ph3SiO)2UCl2(OPPh3)2 (24) A 20 mL scintillation vial was charged with 
(0.200 g, 0.249 mmol) Cp*UO2(MesPDIMe) (18-Cp*) and 10 mL of toluene. 
Triphenylphosphine oxide (0.138 g, 0.496 mmol) was added and stirred for 5 min. 
Chlorotriphenylsilane (0.147 g, 0.499 mmol) was added and stirred for 115 hr resulting in 
a gradual colour change from blue to purple. Volatiles were removed in vacuo. The crude 
mixture was washed with n-pentane (5 x 10 mL) and the washings set aside.  The 
remaining solid was washed with benzene (10 mL) to afford off-white powder upon 
drying (0.171 g, 0.145 mmol, 58%) assigned as (Ph3SiO)2UCl2(OPPh3)2 (24). Single, X-
ray quality crystals were obtained from a concentrated tetrahydrofuran solution at -35 °C. 
Elemental analysis of C72H60O4Si2P2Cl2U: Calculated, C, 61.05; H, 4.28; N, 0.00.  Found, 
C, 60.99; H, 4.03; N, <0.02.  1H NMR (CDCl3, 25 °C) δ = -14.15 (32, 12H, o-TPPO-CH), 
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3.59 (20, 12H, m-TPPO-CH), 4.72 (38, 6H, p-TPPO-CH), 11.83 (17, 6H, p-SiPh3-CH), 
12.55 (18, 12H, m-SiPh3-CH), 41.19 (23, 12H, o-SiPh3-CH). IR: υ(P=O) = 1080 cm-1. UV-
Vis: λmax = 325 nm, ε = 1,396 M-1cm-1. The solvent from the pentane washings was 
removed in vacuo to afford a slurry from which (C5Me5)2 and MesPDIMe were identified 
by 1H NMR spectroscopy. 
Synthesis of (Me3SiO)2U(SPh)2(OPPh3)2 (25) A 20 mL scintillation vial was charged 
with (0.200 g, 0.249 mmol) Cp*UO2(MesPDIMe) (18-Cp*) and 10 mL of toluene. 
Triphenylphosphine oxide (0.138 g, 0.496 mmol) was added and stirred for 5 min. 
Trimethyl(phenylthio)silane (0.094 mL, 0.496 mmol) was added via microsyringe 
resulting in a gradual colour change from blue to dark purple. After 46.5 hr, volatiles 
were removed in vacuo. The crude mixture was washed with n-pentane (5 x 10 mL) until 
the washing ran clear and the washings set aside.  The remaining solid was recrystallized 
from a THF solution layered with an equal amount of n-pentane (-35 °C) to afford light 
yellow block shaped crystals (0.080 g) assigned as (Me3SiO)2U(SPh)2(OPPh3)2 (25). 
Subsequent recrystallization of the mother liquor afforded an additional 0.115 g (0.195 g 
total, 0.161 mmol, 65%) of (Me3SiO)2U(SPh)2(OPPh3)2 as yellow powder. Single, X-ray 
quality crystals were obtained from a concentrated benzene solution stored at room 
temperature. Elemental analysis of C54H58O4Si2P2S2U: Calculated, C, 53.64; H, 4.84; N, 
0.00.  Found, C, 53.81; H, 4.79; N, <0.02.  1H NMR (C6D6, 25 °C) δ = -17.95 (54, 12H, 
o-TPPO-CH), -9.72 (35, 4H, o-SPh-CH), 2.42 (27, 12H, m-TPPO-CH), 4.14 (26, 6H, p-
TPPO-CH), 5.07 (24, 4H, m-SPh-CH),  6.12 (25, 2H, p-SPh-CH), 51.93 (77, 18H, CH3). 
IR: (SiCH3 sym) = 1243 cm-1; υ(P=O) = 1082 cm-1; (SiCH3 asym) = 835 cm-1. UV-Vis: λmax = 
373 nm, ε = 986 M-1cm-1. The solvent from the pentane washings was removed in vacuo 
to afford a slurry from which (C5Me5)2 and MesPDIMe were identified by 1H NMR 
spectroscopy. 
Synthesis of (Me3SiO)2U(OTf)2(OPPh3)2 (26) A 20 mL scintillation vial was charged 
with (0.200 g, 0.249 mmol) Cp*UO2(MesPDIMe) (18-Cp*) and 10 mL of toluene. 
Triphenylphosphine oxide (0.139 g, 0.499 mmol) was added and stirred for 5 min. Via 
microsyringe, trimethylsilyl trifluoromethanesulfonate (0.090 mL, 0.497 mmol) was 
added resulting in a gradual colour change from blue to purple over ca. 15 min. After 4 
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hr, volatiles were removed in vacuo. The crude mixture was washed with n-pentane (3 x 
10 mL) and the washings set aside.  The remaining solid was recrystallized from a 
saturated THF solution layered with n-pentane (-35 °C) to afford off-white powder with a 
slight hint of green (0.151 g) assigned as (Me3SiO)2U(OTf)2(OPPh3)2 (26). Further 
recrystallization of the mother liquor afforded an additional 0.062 g (0.213 g total, 0.168 
mmol, 79 %). Single, X-ray quality crystals were obtained from a concentrated 
tetrahydrofuran/n-pentane (1:1) solution at -35 °C. Elemental analysis of 
C44H48O10Si2P2S2F6U: Calculated, C, 41.57; H, 3.81; N, 0.00.  Found, C, 41.43; H, 3.53; 
N, <0.02.  1H NMR (C6D6, 25 °C) δ = -16.34 (40, 12H, o-TPPO-CH), 2.64 (25, 12H, m-
TPPO-CH), 3.87 (25, 6H, p-TPPO-CH), 57.05 (45, 18H, CH3). 19F NMR (C6D6, 25 °C) δ 
= -111.20 (s, 6F, CF3). IR: υ(SO3 asym) = 1333 cm-1; (SiCH3 sym) = 1241 cm-1; υ(CF3 sym) = 
1236 cm-1; υ(CF3 asym) = 1124 cm-1;  υ(P=O) = 1066 cm-1; υ(SO3 sym) = 1017 cm-1; (SiCH3 asym) 
= 864 cm-1; (CF3 sym) = 748 cm-1; (SO3 sym) = 636 cm-1; (CF3 asym) = 584 cm-1; (SO3 asym) = 
539 cm-1. The solvent from the pentane washings was removed in vacuo to afford a slurry 
from which (C5Me5)2 and MesPDIMe were identified by 1H NMR spectroscopy. 
Lewis Base Competition Experiments by UV-Vis From stock toluene solutions, Me3SiI 
and Lewis base (1.25 x 10-7 moles each) were added to a 3 mL screw-top cuvette 
equipped with an injectable septum. The mixture was diluted with toluene to 3.00 mL and 
mixed for 30 min. At the spectrometer, 18-Cp* (6.25 x 10-8 moles, toluene stock 
solution) was injected into the cuvette. The cuvette was shaken violently for 3 sec prior to 
data collection. 
General Synthesis of (Ph3PO)2UI4 (27-I) from (R3SiO)2UX2(OPPh3)2 From 22: A 20 
mL scintillation vial was charged with 22 (0.100 g, 0.082 mmol) and 5 mL of toluene. To 
the stirring slurry, Me3SiI (0.023 mL, 0.162 mmol) was added via microsyringe resulting 
in a gradual colour change to a yellow suspension from off-white (Note: for X = Cl, four 
equivalents of Me3SiI were used). After 4 hr, the volatiles were removed in vacuo. The 
resulting solid was washed with n-pentane to afford yellow powder (0.102 g, 0.078 
mmol, 96%) identified as (Ph3PO)2UI4 (27-I). Yields from 23, 72%; 24, 98%; 25, 74%. 
Synthesis of (Ph3PO)2U(OTf)4 (27-OTf) A 20 mL scintillation vial was chaged with 26 
(0.100 g, 0.079 mmol) and 5 mL of toluene. While stirring, Me3SiI (0.029 mL, 0.160 
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mmol) was added via microsyringe resulting in a rapid colour change from colourless to 
mint green. After 30 min, volatiles were removed in vacuo. The resulting solid was 
washed with n-pentane to afford light green powder (0.098 g, 0.070 mmol, 90%) 
assigned as (Ph3PO)2U(OTf)4 (27-OTf). 1H NMR (C6D6, 25 °C) δ = 10.69 (t, J = 5.4, 6H, 
p-TPPO-CH), 11.91 (19, 12H, m-TPPO-CH), 33.30 (70, 12H, o-TPPO-CH). 19F NMR 
(C6D6, 25 °C) δ = -102.65 (s, 12F, CF3). IR: υ(asym SO3) = 1349 cm-1; υ(asym CF3) = 1121 cm-
1;  υ(P=O) = 1063 cm-1; (sym CF3) = 729 cm-1; (sym SO3) = 634 cm-1; (asym CF3) = 590 cm-1; 
(asym SO3) = 539 cm-1. 
Formation of 27-I and 27-OTf via NMR experiments A J-Young NMR tube was 
charged with (R3SiO)2UX2(OPPh3)2 and 0.75 mL C6D6. To the slurry, Me3SiI (for X = I, 
2 eq; X = Cl, 4 eq) or Me3Si-OTf (for X = OTf) was added via microsyringe. The slurry 
in the tube was shaken for fifteen minutes and the 1H NMR spectrum obtained. 
General Synthesis of [R3POSiMe3][I] In a 20 mL scintillation vial, R3P=O was 
dissolved in in 10 mL of toluene. While stirring, iodotrimethylsilane was added via 
microsyringe resulting in immediate precipitation of a white solid. After ten min. of 
stirring, the solid was collected via vacuum filtration to afford the white powder, 
[R3POSiMe3][I], in quantitative yields.  
R = Ph  
1H NMR (CD2Cl2, 25 °C)  = 0.35 (s, 9H, Si(CH3)3), 7.69 (t, J =7.8, 6H, o-CH), 7.73-
7.80 (m, 6H, m-CH), 7.92 (t, J = 7.2, 3H, p-CH). 
31P NMR (CD2Cl2, 25 °C)  = 52.19. 
29Si NMR (CD2Cl2, 25 °C)  = 37.22. 
R = C6H4-p-CH3  
1H NMR (CD2Cl2, 25 °C)  = 0.31 (s, 9H, Si(CH3)3), 2.52 (s, 9H, C6H4-p-CH3), 7.51-
7.58 (m, 12H, m-CH & o-CH). 
31P NMR (CD2Cl2, 25 °C)  = 53.03. 






R = N(CH3)2  
1H NMR (CD2Cl2, 25 °C)  = 0.42 (s, 9H, Si(CH3)3), 2.77 (d, J = 10.5, 18H, N(CH3)2). 
31P NMR (CD2Cl2, 25 °C)  = 26.57. 
29Si NMR (CD2Cl2, 25 °C)  = 28.94. 
 
 
3.4. Results and Discussion 
 
3.4.1. Synthesis and Characterization of Uranyl Complexes 
 Initial experiments were aimed at the synthesis of the pentavalent uranyl analogue 
of the previously synthesized bis(imido) species, Cp*U(NPh)2(MesPDIMe). Treating a 
toluene solution of Cp*U(MesPDIMe)(THF) (1-Cp*) with two equivalents of N-
methylmorpholine N-oxide (NMMO) gave an intensely colored blue solid, 18-Cp*, after 
workup (Scheme 3.1). Analysis by 1H NMR spectroscopy (benzene-d6) revealed a Cs 
symmetric spectrum featuring eleven resonances ranging from 1.18 to 6.90 ppm, with the 
largest resonance at 4.50 ppm assignable to the η5-Cp* ligand. Three singlets (6H) were 
observed for the mesityl-CH3 groups as well as two singlets (3H) for the imine -N=CCH3. 
Two pairs of doublets (3.63, 6.18 ppm) for the pyr-CH and one doublet of triplets (5.02 






Scheme 3.1 Left: Synthesis of 1-HMPA (left). Right: Synthesis of 18-Cp* and 18-tBu 
 
 
 Due to the asymmetry in the 1H NMR spectrum and unusual blue color of 18-
Cp*, additional experiments were conducted to confirm its identity. Performing the same 
experiment with one equivalent of NMMO resulted in formation of one-half equivalent of 
18-Cp* with an equimolar amount of unreacted 1-Cp*, suggesting two oxygen atoms 
were transferred to the same uranium during the course of the reaction. Thus, the blue 
product was assigned as the uranium dioxo product, Cp*UO2(MesPDIMe) (18-Cp*). The 
resonance for the Cp* ligand in 18-Cp* has a similar chemical shift to that reported by 
Ephritikhine and coworkers for the only other cyclopentadienyl uranyl species, 
[Et4N]2[Cp*UO2(CN)3] (4.36 ppm),27  indicating 18-Cp* could be hexavalent. Further, 
2D 1H NMR spectroscopic experiments were performed to confirm the assigned 
connectivity and to corroborate that no protons were overlooked in the analysis. All three 
pyridine protons display strong coupling to one another. Additionally, each set (3 x 6H) 
of mesityl methyl resonances couples to the adjacent aryl-CH. A HETCOR analysis of 
18-Cp* revealed surprising chemical shifts of the inequivalent meta pyridine carbons at 
114.94 and 29.01 ppm. The large shift from its diamagnetic reference values (13C = 
122.44, 1H = 8.54 ppm) for the meta pyridine sp2-CH (13C = 29.01, 1H = 3.63 ppm) (C6 
crystallographically, vide infra) is likely due to significant localized electron density on 
the pyridine ring. A DEPT-135 experiment was employed to confirm this resonance was 
not due to a –CH2; however, the carbon atoms in the plane of the pyridine ring did not 
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produce an appreciable signal. We hypothesize these atoms are strongly affected both by 
the uranium as well as the ligand radical, which enforce significant changes to the 1. 
This is supported by the fact that atoms orthogonal to the pyridine ring were visible in the 
DEPT experiment. Significant charge localization on a single carbon would invariably 
result in observable distortion from sp2 to sp3, and J-coupling constants suggest the 
pyridine Cmeta-Cpara-Cmeta linkage is best described as allylic, –CmetaH=CparaH-CmetaH-, 
rather than aromatic, as the doublet of triplets observed for Cpara-H (J = 3.9, 9.9 Hz) is 
inconsistent with aromatic ortho-coupling. Variable temperature 1H NMR spectroscopic 
data obtained in the range of -100 to 75 °C showed only minimal shifting of the 
resonances. As the temperature is decreased from 75 °C, those resonances arising from 
protons coplanar with the pyridine ring shift consistently upfield (~0.3 ppm) while those 




Figure 3.1 1H NMR spectrum (C6D6, 25 °C) of Cp*UO2(MesPDIMe) (18-Cp*). 
 
 
 Solid state characterization of 18-Cp* was performed through analysis of blue 
crystals by X-ray crystallography. Refinement of the data (λ = 1.54184 Å, 150 K) 
revealed a pseudo-octahedral uranium center with an η5-Cp* ligand, a tridentate 
pyridine(diimine) ligand, and  trans-terminal oxos (Figure 3.2). In contrast to 
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Cp*U(MesPDIMe)(THF),18  where the uranium center is deviated from the plane of the 
MesPDIMe ligand by 1.059 Å, the uranium is coplanar with MesPDIMe in 18-Cp*. The 
centroid of the η5-Cp* ring is calculated to be 2.583 Å from the uranium center, on the 
order of other uranium(VI) complexes, including Cp*2U(=NAd)2 (2.584, 2.615 Å)28  and 
[Et4N]2[Cp*UO2(CN)3] (2.568 Å).27  Steric pressure from the large Cp* ring causes a 
significantly distorted O=U=O bond angle (168.4(2)°) from the linearity typical of uranyl 
complexes, similar to that observed for [Et4N]2[Cp*UO2(CN)3] (168.40°).27  The U=O 
bonds in 18-Cp* (1.791(5) and 1.799(5) Å) are on the order of those of other hexavalent 
uranyl complexes that possess bent O=U=O angles including [C(Ph2PS)2]UO2(pyr)2 
(1.783 Å, 171.81°),29  [C{Ph2PN(C6H2Me3)2}2]UO2(Cl)(THF) (1.779 Å, 173.81°),30  [2,6-
(Me2NCH2)(NC5H3)]UO2(H2C(o-PhO)2) (1.798 Å, 172.52°),31  and 
(pyr)2UO2(N(SiMe3)2)2 (1.779 Å, 170.49°).32  The U-N bonds of 2.504(6) Å, 2.529(6) Å, 
and 2.547(6) Å for the pyridine(diimine) ligands are much longer than those in 1-Cp*, 
supporting three dative bonding interactions.18  However, ligand reduction is apparent by 
examining the intraligand distances for the pyridine ring. As is the case for the previously 
reported [MesPDIMe]1- complex, Cp*U(O2C2Ph2H2)(MesPDIMe),33  significant elongation is 
observed in the C3-C4 and C6-C7 bonds (1.487(11) and 1.471(11) Å, respectively), 
indicating a ligand radical. 
 
 
Figure 3.2 Molecular structure of 18-Cp* (150 K, λ = 1.54184 Å) displayed at 30% 




 To further support the hypothesis of a [MesPDIMe]1- ligand, crystallographic data 
for complex 18-Cp* were collected employing both molybdenum (λ = 0.71073 Å) and 
copper (λ = 1.54184 Å) X-ray sources. Full data sets were collected for two crystals, each 
from independently synthesized samples. Both analyses gave the same result (Table 3.1), 
eliminating the possibility of additional hydrogen atoms on the ligand, consistent with the 
solution NMR spectroscopic studies. The presence of a MesPDIMe ligand radical requires 
that, by charge balance considerations, compound 18-Cp* contain a uranium(VI) ion. 
This ligand radical is likely the source of the intense blue color of 18-Cp*, as typical 
closed shell U(VI) uranyl complexes generally have colors in the red to yellow-green 
range (vide infra). 
 Formation of the trans-dioxo unit from a uranium(IV) species is quite rare, as this 
typically requires a four-electron uranium centered oxidation event. Kiplinger and 
coworkers showed the utility of a flexible PNP pincer ligand (PNP = bis[2-
(diisopropylphosphino)-4-methylphenyl]amido) to form (PNP)2UO2 from a low-valent 
precursor ((PNP)2UI + KC8) and external oxidant (pyridine N-oxide).34  Similarly, 
Mazzanti et al were able to access a stable pentavalent-uranyl coordination polymer, 
{[UO2(pyr)5][KI2(pyr)2]}n, from the addition of pyridine N-oxide and water to 
UI3(THF)4. In the case of 18-Cp*, access to stored electron density in the redox-active 
pyridine(diimine) allows for uranyl construction, circumventing a four electron oxidation 
of uranium. Two electrons are transferred from uranium, while the other two electrons 
are derived from the reduced [MesPDIMe]3- ligand.  
 
 
Figure 3.3 Reduction Wave of tBu-MesPDIMe (red) and MesPDIMe (blue) recorded in THF 
(25 °C) with 0.2 M [Bu4N][PF6] 
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 Variations to both the MesPDIMe framework as well as the bound Lewis base were 
explored to determine how these modifications would influence the reaction to form 18-
Cp* as well as the resulting electronic structure. To generate a more electron rich system, 
a MesPDIMe ligand with an electron donating tert-butyl group in the para-pyridine position 
was synthesized (ΔEred = 124 mV, Figure 3.3). Raising the reduction potential of the 
ligand could prevent electron storage and facilitate isolation of the pentavalent uranyl 




Scheme 3.2 Synthesis of 1-tBu from Cp*2UI(THF) 
 
 Installation of a tert-butyl moiety at the 4-position of the pyridine ring to form 
2,6-((Mes)N=CMe)2-p-C(CH3)3-C5H2N (tBu-MesPDIMe) was achieved following 
procedures similar to those by Burger and coworkers.25  Metallation of tBu-MesPDIMe 
with uranium was achieved following a similar protocol used in the generation of 
Cp*U(MesPDIMe)(THF) (1), (Scheme 3.2)18 forming Cp*U(tBu-MesPDIMe)(THF) (1-tBu) 
following work-up. Similar to the 1H NMR spectrum for 1-Cp*, 1-tBu displays a sharp, 
paramagnetically shifted, asymmetric spectrum containing twenty resonances, with the 
two largest at -2.55 (15H) and -3.78 (9H) ppm assignable to Cp* and the tert-butyl 
substituents, respectively. The remaining resonances are assignable to the CH and CH3 
groups of tBu-MesPDIMe and the methylene protons of a THF ligand.  
 In order to determine structural distortions in the ligand from reduction, single 
crystals of 1-tBu obtained from a concentrated diethyl ether solution at -35 °C were 
analyzed. Refinement of the crystallographic data confirmed the formation of Cp*U(tBu-
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MesPDIMe)(THF) (1-tBu) with an η5-cyclopentadienyl ring (U1-Ct = 2.553 Å) and THF 
(U1-O1 = 2.540(3) Å) (Figure 3.4, left) related by a mirror plane. Short uranium-nitrogen 
distances (U1-N1 = 2.293(2); U1-N2 = 2.204(3) Å) suggest a [MesPDIMe]3- ligand in 
analogy to 1-Cp*.18  Intraligand bond distance support ligand reduction, with an 
elongated N-Cimine bond (N1-C2 = 1.418(4) Å) on the order of a single bond while the 
adjacent C-C bond (1.372(4) Å) shows significant contraction to a double bond. The 
molecular structure of 1-tBu also shows the uranium is 1.032 Å above the plane of the 
three nitrogen atoms, which is similar to the value found for 1 of 1.059 Å. 
 
 
Figure 3.4 Molecular structures of 1-tBu (left) and 1-HMPA (right) displayed at 30% 
probability ellipsoids. Hydrogen atoms, selected aryl substituents, and a second molecule 
in unit cell have been omitted for clarity. 
 
 
 With a trianionic [MesPDIMe]3- ligand, charge balance considerations point to 1-tBu 
containing a uranium(IV) ion, analogous to 1-Cp*. This was corroborated by the 
electronic absorption spectrum, which showed nearly identical spectra for both 1-Cp* 
and 1-tBu with sharp f-f transitions of weak intensity (50-120 M-1cm-1) observable 





Figure 3.5 Electronic absorption spectra of 1-Cp* (blue) and 1-tBu (red) recorded in THF 
at 25 °C. Solvent overtones between 1670-1760 nm have been omitted for clarity. 
 
 With 1-tBu in hand, efforts were aimed at the synthesis of the corresponding 
uranyl species. Using the same procedure as for 1-Cp*, addition of NMMO (2 eq.) to 1-
tBu produced the analogous species, Cp*UO2(tBu-MesPDIMe) (18-tBu), as a dark blue 
solid (Scheme 3.1). The 1H NMR spectrum of 18-tBu displays a similar Cs distribution 
with the largest two resonances assigned to the Cp* ligand (4.51 ppm) and tert-butyl 
moiety (1.01 ppm). Singlets arising from the pyridine aryl protons largely deviate from 
one another (6.21, 3.76 ppm) and their respective 13C resonances are shifted to 114.45 
and 28.33 ppm. Based on the unusual blue color and spectroscopic features, 18-tBu is 








Table 3.1 Structural parameters of 1-tBu, 1-HMPA, 18-Cp*, 18-tBu, and 20-Cp*. 
Bond (Å) or  
Angle (°) 
1-tBua,d 1-HMPAb,d 18-Cp*a,e 18-tBuc,e 20-Cp*a,d
U1-O1 2.540(3) 2.339(2) 1.799(5) 1.766(10) 2.091(10)
U1-O2 -- -- 1.790(5) -- 2.098(10)
U1-I1 -- -- -- -- 3.0992(9)
U1-Ct 2.553 2.539 2.582 2.588 -- 
U1-N1 2.293(2) 2.338(3) 2.529(6) 2.417(8) 2.737(9) 
U1-N2 2.204(3) 2.234(3) 2.547(6) 2.548(9) 2.605(13)
U1-N3 -- 2.333(3) 2.504(6) 2.603(9) -- 
N1-C2 1.418(4) 1.426(4) 1.308(11) 1.306(15) 1.246(13)
C2-C3 1.372(4) 1.361(5) 1.424(11) 1.477(15) 1.503(16)
C3-C4 1.489(4) 1.477(5) 1.487(11) 1.408(16) 1.403(17)
C4-C5 1.429(3) 1.415(6) 1.416(12) 1.391(16) 1.382(15)
C5-C6 -- 1.403(5) 1.384(12) 1.373(15) -- 
C6-C7 -- 1.481(5) 1.471(11) 1.380(16) -- 
C7-C8 -- 1.371(5) 1.421(11) 1.487(15) -- 
N2-C3 1.407(3) 1.399(4) 1.339(10) 1.350(13) 1.354(13)
N2-C7 -- 1.388(5) 1.354(10) 1.380(13) -- 
N3-C8 -- 1.421(5) 1.308(10) 1.270(15) -- 
O1-U1-O2 -- -- 168.3(2) 167.4(4) 172.3(4) 
aT = 150 K, bT = 100 K, cT = 200 K, d λ = 0.71073 Å, eλ = 1.54184  Å. 
 
 
 Analysis of blue crystals of 18-tBu by X-ray crystallography was performed to 
establish absolute configuration and ligand reduction. Refinement of the crystallographic 
data (λ = 1.54184 Å, 200 K) revealed an analogous Cp* uranyl complex (U1-Ct = 2.588 
Å) containing a mirror plane (coplanar with pyridine) with similar deviation from 
linearity of the O=U=O moiety (167.4(4)°) and uranium-oxygen bond lengths (U1-O1 = 
1.766(10) Å) as observed for 18-Cp*. Both 18-Cp* and 18-tBu represent monomeric 
uranyl complexes with some of the largest deviations from linearity reported.27, 29, 35  
While 18-Cp* also displays significant distortions within the pyridine ring, 18-tBu 
contains a pyridine ring with a lesser degree of distortion. However, the crystal data 
suggest reduction of one imine arm (2.417(8) (U1-N1)), consistent with a MesPDIMe 
radical. The other distances (2.548(9) (U1-N2) and 2.603(9) Å (U1-N3)) are analogous to 
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those for 18-Cp*. Alteration of the pyridine ring did not change the reaction or the 
electronic structure of the resulting uranyl species; however, replacement of the weakly 
bound tetrahydrofuran ligand in 1-Cp* with a strongly donating HMPA ligand did, 
generating Cp*U(MesPDIMe)(HMPA) (1-HMPA). Similar to 1-Cp* and 1-tBu, 1-HMPA 
produces an asymmetric paramagnetically shifted 1H NMR spectrum containing 
seventeen resonances, the largest two assigned to the Cp* (-2.20 ppm) and HMPA 
(doublet, 0.02 ppm). Despite the paramagnetism, the HMPA ligand shows a broad 
resonance in the 31P NMR spectrum at 164.9 ppm. Structural parameters of 1-HMPA 
were obtained by the analysis of single X-ray quality crystals obtained from a 
concentrated THF/diethyl ether solution (10:1) at -35 °C. Refinement of the data revealed 
the anticipated pyridine(diimine) uranium pentamethylcyclopentadienyl (U1-Ct = 2.539 
Å) complex bound by a dative hexamethylphosphoric triamide ligand (U1-O1 = 2.339(2) 
Å) (Figure 3.4, Table 3.1). The uranium-oxygen distance, as expected, is significantly 
shorter in 1-HMPA as compared to the parent complex (U-OTHF = 2.474(2) Å) signifying 
a stronger interaction. Three short uranium nitrogen distances (2.338(3), 2.234(3), and 
2.333(3) Å) are again suggestive of a trianionic chelate, and intraligand distances support 
this. For 1-HMPA, the uranium center is situated 1.015 Å above a plane defined by the 
three [MesPDIMe]3- nitrogen atoms. 
 Interestingly, upon addition of two equivalents of NMMO to 1-HMPA to 
generate 18-Cp*, a gradual color change first to dark green (~2 minutes) was noted on 
the way to form dark blue 18-Cp* (Scheme 3.3). Due to the stronger bonding of HMPA 
over THF, we hypothesized the intermediate green compound may be due to the transfer 
of a single [O]2- to form the mono-oxo complex, Cp*UO(MesPDIMe)(HMPA) (17). It was 
possible to observe 17 spectroscopically in situ by generating it in neat HMPA with a 
substoichiometric amount of NMMO. The Cs symmetric 1H NMR spectrum with 
resonances ranging from -12.98 to 85.60 ppm is consistent with the mono-oxo 
formulation, with large resonances noted for the Cp* (-3.18 ppm) and HMPA (-12.98 
ppm) ligands. The furthest downfield shifted resonance (85.60 ppm) is consistent with the 
imine methyl substituents of a reduced [MesPDIMe]1- ligand similar to that observed for 
160 
 
CpPU(X)2(MesPDIMe) (CpP = 1-(7,7-dimethylbenzyl)cyclopentadienide; X = I, Cl, SPh, 
SePh, TePh).  
 
 
Figure 3.6 Electronic absorption spectra of 1-HMPA (brown), 17 (green), and 18-Cp* 
(blue) at ambient temperature. Near-infrared region recorded in HMPA; UV-Visible 
region recorded in Toluene. Solvent overtones between 1760 and 1670 are omitted. 
 
 
 The electronic absorption spectrum of 17 shows a near-infrared region that is 
significantly different from 1-Cp*, 1-tBu, and 1-HMPA that maintains sharp, weak 
bands characteristic of a uranium(IV) 5f2 center (Figure 3.6). The visible spectrum of 17 
displays a notable absorbance at ca. 440 nm, which contrasts 1-HMPA, as well as a local 
minimum at 512 nm that can be attributed to the green color. Uranium mono(oxo) 
complexes are precedented, but are limited to species that either disallow the addition of 
trans-substituents, such as Tp*2U(2,2’-bpy)36  (2,2’-bpy = bipyridyl; Tp* = hydrotris(3,5-
dimethylpyrazolyl)borate) and Cp’2U(2,2’-bpy)37  (Cp’ = 1,2,4-tri-tert-
butylcyclopentadienide), or do not have two oxidizable electrons such as 
Cp*2U(NAr)(O)(L)38  (Ar = Ph, 2,4,6-Me3C6H2, 2,6-diisopropylphenyl, 2,4,6-tBu-C6H2; 
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Scheme 3.3 Synthesis of 18-Cp* from 1-HMPA with proposed intermediate, 17. 
 
 
 The uranyl complexes were investigated by vibrational spectroscopy to determine 
the relative energetics of the diagnostic O=U=O vibration.  Infrared spectroscopy 
revealed both strong (18-Cp*, 876 cm-1; 18-tBu, 878 cm-1) and weak vibrations (787 cm-
1, both) assigned to the υO=U=O asymmetric and symmetric stretches, respectively (Figure 
3.7, left). Further confirmation of the symmetric stretch in complex 18-Cp* was achieved 
via resonance Raman spectroscopy, which showed an absorption at 788 cm-1 from 
excitation at λ = 632.8 nm. This assignment was confirmed by employing an excitation 
source (532.0 nm) nearer to the observed O  U ligand-to-metal charge transfer band 
(vide infra), which resulted in significant amplification of this signal (Figure 3.7, right). 
The Raman shift of the symmetric uranyl stretch for complex 18-tBu was observed at 789 
cm-1 (λex = 1064 cm-1). Similar symmetric and asymmetric stretching frequencies for 
uranyl complexes are observed in Schiff base ligand systems, including UO2(sal-p-
phdn)(H2O) (υasym = 915; υsym = 830 cm-1) (sal-p-phdn = N,N’-p-phenylene-
bis(salicylideneiminato))41  and UO2(NCS)2(Me-N-Sal)3(H2O)2 (υasym = 912; υsym = 822 
cm-1) (Me-N-Sal = p-CH3-salicylideneaniline).42  Crystallographically characterized 
Schiff base uranyl adducts show a decrease in frequency correlated to a reduction in the 
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O-U-O angle from 180°, including UO2(NAC) (υasym = 897 cm-1; O=U=O = 172.3°) 
(H2NAC = [(MeO)2CH-HOC6H2Cl-CH=(CH2)2]2NH)43  and UO2(L)(NC5H4-p-C4H9) 
(υasym = 899 cm-1; O=U=O = 171.8°) (L = 3,3’-[1,2-phenylene-
bis(nitrilomethylidyne)]bis[2’-methoxy-[1,1’-biphenyl]-2-olato]),44 which compare 




Figure 3.7 Left: Infrared spectra of 18-Cp* (blue) and 18-tBu (green). Right: Resonance 
Raman spectra of 18-Cp* at excitation wavelengths of 632.8 (red) and 532 nm (green). 
 
 
 Due to the bright blue colors of 18-Cp* and 18-tBu, investigation by electronic 
absorption spectroscopy was also performed. Both complexes exhibit three strong 
absorbances in the UV-visible region (Figure 3.8). The intense LMCTs from the O=U=O 
moiety at 344 nm (ε = 10,694 M-1cm-1) and 346 nm (ε = 7,143 M-1cm-1) for 18-Cp* and 
18-tBu, respectively, are shifted to significantly higher energy from a standard [UO22+] 
ion (ca. 420 nm).45  This blue shift is consistent with the decreased O=U=O stretching 
frequency observed as a result of bending (vide supra). The other two absorbances in 
each complex are proposed to arise from pyridine(diimine) anion transitions analogous to 
that previously observed in Cp*U(O2C2Ph2H2)(MesPDIMe)33  and like transitions seen for 
the ferrocenyl-perchlorotriphenylmethyl vinylene bridged platform studied by Veciana 
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and coworkers.46  The dominant color producing band in 18-tBu (620 nm, 7,400 M-1cm-1) 
is slightly red-shifted from that of 18-Cp* (611 nm, 11,439 M-1cm-1).  Neither complex 




Figure 3.8 Electronic absorption spectra of 18-Cp* (blue) and 18-tBu (green) recorded 





 The ligand radical character in both 18-Cp* and 18-tBu to generate a U(VI)/PDI1- 
system has been corroborated by asymmetry in the 1H NMR spectrum, bond distortions 
in the solid state structure, and intense visible features in the electronic absorption 
spectra. To further rule out the formulation of these species as U(V) with neutral PDI0 
chelates, EPR spectroscopy was employed. Although both systems contain an unpaired 
electron, differentiation between a uranium centered and ligand centered radical should 
be possible by measurement at room temperature. Uranium 5f1 systems have been 
thoroughly studied47  and are generally known to be EPR silent above liquid nitrogen 
temperatures.48 For example, Cummins and coworkers found the 
hexakisamidouranium(V) complex [Li(THF)x][U(dbabh)6] (Hdbabh = 2,3:5,6-dibenzo-7-
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azabicyclo[2.2.1]hepta-2,5-diene) to be EPR-silent at room temperature but active at both 
20 and 100 K, producing a broad isotropic signal centered at │g│ = 1.12 in frozen 
acetonitrile/toluene.49   To the contrary, pyridine(diimine) ligand radicals have been 
observed at room temperature on alkali,50  main group,51  and transition metals.52, 53  
Solutions of both 18-Cp* (toluene, 6 mM) and 18-tBu (n-pentane, 6 mM) at 293 K 
produce an isotropic signal diagnostic of an S = ½ system centered at │g│ = 1.974 and 
1.936, respectively (Figure 3.9). The experimental g-value is significantly shifted from 
that reported by Chirik and coworkers for singly reduced pyridine(diimine) free ligand 
(2.003),53  suggesting the ligand radical is associated with uranium but isn’t localized 
there. While both hydrogen and nitrogen superhyperfine coupling are observed in 
(iPrPDI)Al(CH3)251  (iPrPDI = 2,6-[2,6-(iPr)2C6H3N=C(CH3)]2(C5H3N) as well as the free 
ligand,53  the spectra for complexes 18-Cp* and 18-tBu lack such splitting. Similarly, 
Chirik and coworkers observed neither nitrogen nor hydrogen superhyperfine coupling in 
(iPrPDI)Co(N2).53  The observed EPR signal suggests that 18-Cp* and 18-tBu can most 




Figure 3.9 EPR spectra of 18-Cp* (left, toluene, 6 mM) and 18-tBu (right, n-pentane, 6 







 The electronic structure of 18-Cp* (and related compounds) was surprising, given 
that the corresponding phenyl(imido) analogue, Cp*U(NPh)2(MesPDIMe),18 is pentavalent 
with a neutral ligand. In the formation of 18-Cp*, two electrons are oxidized from both U 
and [MesPDIMe]3-, whereas for Cp*U(NPh)2(MesPDIMe), three electron oxidation occurs at 
[MesPDIMe]3-, forming [MesPDIMe]0, but only a one electron oxidation occurs at uranium. 
With the major difference between these being substitution of oxo ligands for –NPh units, 
the dichotomy in the electronic structures points towards the phenyl(imido) substituents 
being more electron withdrawing than the oxo, thus siphoning electron density from the 
MesPDIMe ligand framework. This is consistent with our earlier finding in which the 
tris(imido) analogue, (MesPDIMe)U(NMes)3, was shown to have less covalent-bond 
character in the U–element multiple bonds as compared to the tri(oxo) analogue, 
(MesPDIMe)UO3, which can also be attributed to the superior electron withdrawing ability 
of the mesityl(imido) substituents. 
 In terms of their electronic structures, complexes 18-Cp* and 18-tBu are similar 
to [UO2(gha)(dmso)]-.16  Due to its instability, [UO2(gha)(dmso)]- was generated and 
detected by spectroelectrochemical reduction of [UO2(gha)(dmso)] (reversible -1.194 V, 
(vs. Fc/Fc+)).  Identification was possible due to the lack of absorption in the range of 
900-1900 nm that would be expected for a uranium(V) center. The cyclic voltammogram 
of 18-Cp* shows an irreversible wave at -0.287 V (vs. Fc/Fc+), tentatively assigned to a 
U(VI)[MesPDIMe]1-/U(VI)[MesPDIMe]0 oxidation, establishing that 18-Cp* is significantly 
more difficult to oxidize than [UO2(gha)(dmso)]-. Like [UO2(gha)(dmso)]-, no 
absorptions characteristic for f-f transitions for 18-Cp* or 18-tBu were noted in the NIR 
region, supporting formation of a uranium(VI) ion. For [UO2(gha)(dmso)]- charge 
balance considerations point to ligand reduction in the form of a glyoxal ligand radical, 
which is supported computationally. The calculated spin density on the ligand of 0.735 is 
expected for a reduced glyoxal, while the corresponding value for uranium was 
calculated to be ~0 (-0.0141). Further evidence for the uranium(VI) oxidation state in 
[UO2(gha)(dmso)]- was obtained through comparison of the computed symmetric and 
asymmetric uranyl vibrations with the parent UO2(gha)(dmso). The data obtained showed 
overall minimal decreases (Δ = 27, 30 cm-1, respectively), which are not extreme enough 
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to indicate a change in oxidation state at uranium.16  Thus, 18-Cp* and 18-tBu are 
significant as they are the first isolated examples of uranyl complexes supported by 
ligand radicals for full characterization. 
  
3.4.2. Reactivity of Pyridine(diimine) Uranyl Species with Iodotrimethylsilane 
 Due to the unusual electronic structure of 18-Cp* and 18-tBu as well as the bent 
and subsequently activated [UO2]2+ unit, studies aimed at activating the robust [UO2]2+ 
core with silylhalides were commenced. Treating 18-Cp* with two equivalents of Me3SiI 
resulted in a color change from bright blue to purple, and progressed to dark red over 24 
hours (Scheme 3.4).  Following workup and isolation, analysis by 1H NMR spectroscopy 
revealed a paramagnetic uranium compound with seven broadened resonances ranging 
from -9.26 to 20.31 ppm in C2v symmetry. Interestingly, investigation of the organic 
byproducts revealed formation of one half equivalent of Cp* dimer. Consequently, the 
largest resonance of the organometallic species (18H, 11.21 ppm) was assigned as 
equivalent trimethylsilyl functionalities. The presence of trimethylsiloxy substituents was 
further confirmed via infrared spectroscopy by their characteristic symmetric (1246 cm-1) 
and asymmetric (840 cm-1) stretches.54  The remaining six resonances in the 1H NMR 
spectrum were assigned to the symmetric MesPDIMe ligand, suggesting the product to be 
(Me3SiO)2UI2(MesPDIMe) (20-Cp*). 
 Absolute structural confirmation of 20-Cp* was achieved by X-ray diffraction of 
red crystals that precipitated from a dilute benzene solution at room temperature. 
Refinement of the data revealed 20-Cp* to be a seven coordinate, pentagonal 
bipyramidal uranium species with trans-trimethylsiloxide ligands, cis-iodides, and a 
tridentate pyridine(diimine) (Figure 3.10, Table 3.1). The U-O distances of 2.091(10) and 
2.098(10) Å are on the order of those for a uranium(IV) species with siloxide ligands, 
similar to [η5-1,2,4-(Me3C)3C5H2]2UI(OSiMe3) (2.104(4) Å),37  
[U(OSiMe3)(NR2)2]2(RNSiMe2CH2)2 (R = SiMe3) (U–O = 2.102(2) Å),55  
U(OSiMe3)2I2(bipy)2 (U1–O1 = 2.084(4) Å),56  and [U(OSiMe3)2I(THF)4][I3] (U1–O1 = 
2.065(6), U1–O2 = 2.080(6) Å)56 , which were all formed by oxo silylation. The U-N 
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distances in 20-Cp* of 2.737(9) and 2.605(13) Å are longer than those reported in the 
neutral pyridine(diimine) uranium(IV) complex (MesPDIMe)UI2(NMes)(THF),17 
supporting a dative coordination of the chelate. Thus, the ligand radical is no longer 
present as confirmed by structural parameters, nor were additional protons noted on the 
pyridine ring. The U-I distance of 3.0992(9) Å is consistent with those observed in 
UI4(1,4-dioxane)2.22 In forming 20-Cp*, reduction from U(VI) to U(IV) occurs. This 
finding is significant as the majority of reported reductive silylation reactions only result 
in a single reduction of the metal center. One reducing equivalent is provided by the 
[MesPDIMe]1- and the second equivalent is gained through the homolytic bond cleavage of 
the cyclopentadienyl-uranium bond. The loss of Cp*2 has been observed by Evans and 
coworkers and utilized as a convenient source of an electron for bond activation studies 
of a variety of substrates with both lanthanides57, 58  and actinides.59, 60  
 
 
Figure 3.10 Molecular structure of 20-Cp* displayed at 30% probability ellipsoids. 
Hydrogen atoms, aryl substituents, co-crystallized benzene molecules, and second unit in 




 The formation of 20-Cp* is significant, as a well-defined system for the 
stoichiometric functionalization of a uranyl unit is exceedingly rare. Typically, an excess 
of silylating reagent is required, as in the cases of UO2(tBuacnac)256  and  UO2(Aracnac)27 . 
However, stoichiometric reductive silylationof these and the bis(acnac) systems was 
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accomplished using silanes and the strong Lewis acid B(C6F5)3, which serves to pre-
activate the Si-H bonds, forming the uranium(V) species 
(Ph3SiO)U(OB{C6F5}3)(Aracnac)210  or [(Et3SiO)2U(Aracnac)2][HB(C6F5)3].11, 12  Similar 
functionalization was possible by taking advantage of the highly reactive Ph3Si-OTf, 
which generated (Ph3SiO)2U(acac)2(OTf).15   
 
 





 With stoichiometric silylation of 18-Cp* achieved, full removal of the oxo groups 
was attempted. Treating 18-Cp* with three equivalents of Me3SiI allowed for isolation of 
a brown/green powder after recrystallization from THF/n-pentane (Scheme 3.4). 
Inspection of the organic byproducts by 1H NMR spectroscopy revealed the formation of 
one equivalent of Me3SiOSiMe3 as well as the release of [MesPDIMe]0. Again, no 
additional protons were found on the pyridine ring of the released ligand. The uranium 
product gave a spectrum containing one sharp (50.74 ppm) and one broad resonance (-
6.18 ppm) in a ratio of 9:24 suggesting the product to be (Me3SiO)UI3(THF)3 (21-THF). 
Complex 21 was independently synthesized by the addition of KOSiMe3  to a diethyl 
ether solution of UI4(p-dioxane)2, producing the etherate adduct, (Me3SiO)UI3(Et2O)3 
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(21-Et2O). Complex 21-Et2O gives a similar 1H NMR spectrum with a single sharp 
resonance (51.68 ppm) assigned to the –Si(CH3)3 along with two broad resonances 
assigned to coordinated diethyl ether (-14.33, 12H; -9.08 ppm, 18H). Complexes 21-THF 
and 21-Et2O exhibit chemical shifts similar to the analogous aryloxide compound, 
(C6H5O)UI3(THF)3.26  
 Cleavage of the 2nd oxo-functionality was achieved by the addition of an 
equivalent of Me3SiI to 21 in p-dioxane producing UI4(1,4-dioxane)2 (Scheme 3.4). 
Monitoring the reaction by 1H NMR spectroscopy (C6D6 w/ 0.200 mL Et2O) revealed the 
disappearance of the paramagnetically shifted –Si(CH3)3 resonance concomitant with the 
formation of Me3SiOSiMe3 and UI4(Et2O)2. While the oxo cleavage in 18-Cp* was 
accomplished using Me3SiI, Hayton and coworkers have successfully cleaved their oxo-
derived ligand via protonolysis of (R3SiO)U(OB{C6F5}3)(dbm)2(THF) (R = Ph, Et; dbm 
= dibenzoylmethanate) with an additional equivalent of Hdbm to yield triethylsilanol and 
the tris(ligand) derivative ({C6F5}3BO)U(dbm)3.11   
 
 
Figure 3.11 Electronic absorption spectra of 20-Cp* (left, red), 20-tBu (left, brown), and 
21-Et2O (right) recorded from 300-2100 nm in THF at room temperature. Solvent 






 The uranium(IV) oxidation state in complexes 20 and 21-Et2O (Figure 3.11) was 
further confirmed by electronic absorption spectroscopy. Both complexes display weakly 
intense (ε = 20-60 M-1cm-1) sharp f-f transitions throughout the near-infrared region, and 
for 21-Et2O well into the visible region, indicative of uranium(IV) 5f2 complexes. 
Complex 20-Cp* displays a strong color producing band (λmax = 485 nm; ε = 11,471 M-
1cm-1) assigned to a pyridine(diimine) based transition (vide infra) and a slightly weaker, 
higher energy band (λmax = 370 nm; ε = 7,171 M-1cm-1), while the only strong absorbance 
in 21-Et2O is nearly an order of magnitude weaker (λmax = 345 nm; ε = 1,596 M-1cm-1). 
 During the formation of 20-Cp*, a color change from blue to purple and finally to 
red was noted. The potential of this purple color to represent an intermediate (19) in the 
progression of 18-Cp* to 20-Cp* was investigated by monitoring the reaction of 18-Cp* 
with a single equivalent of Me3SiI. 1H NMR spectroscopy indicated the loss of Cp*2 
occurs initially with the appearance of paramagnetically shifted resonances assignable to 
neither 18-Cp* nor 20-Cp*, but an intermediate, 19. Complex 18-Cp* is stable in 
solution at room temperature for multiple days, suggesting the loss of Cp*2 is induced by 
the addition of Me3SiI; therefore, 19 is not UO2(MesPDIMe). Unfortunately, the addition of 
a full equivalent of Me3SiI at room temperature resulted in formation one-half equivalent 
of 20-Cp* and one-half equivalent of unreacted 18-Cp*, suggesting the second silylation 
occurs rapidly. Isolable quantities of 19 were synthesized by keeping the toluene reaction 
mixture cold (-35 °C) and layering it with n-pentane, resulting in the precipitation of 19 
as a dark purple solid as it was formed. By this method, a 1H NMR spectrum was 
attainable. The spectrum suggests an asymmetric complex in solution with 
paramagnetically shifted resonances ranging from -42.41 to 60.05 ppm accounting for a 
coordinated MesPDIMe ligand. Infrared spectroscopy confirmed the presence of an -SiMe3 
moiety by its symmetric and asymmetric bending modes. Unfortunately, the broadness of 
these absorbances precluded the assignment of a potential terminal U(IV)=O stretch. Due 
to the instability of 19, further attempts at purification resulted in decomposition to 
intractable byproducts. Based on these results, intermediate 19 is hypothesized to be 
formed by homolytic cleavage of the uranium-Cp* with concomitant Me3Si-I addition 
across one U=O bond and is assigned as (Me3SiO)UO(I)(MesPDIMe) (19). 
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 Further evidence for 19 was achieved by monitoring the reaction to form 20-Cp* 
from 18-Cp* by electronic absorption spectroscopy in the UV-Visible region (Figure 
3.12). Upon addition of iodotrimethysilane, the absorbance identified as 18-Cp* (blue 
line; λmax = 611 nm; vida supra) is rapidly quenched and a new blue shifted absorbance 
emerges (purple line; λmax = 577 nm) assigned to 19. As the reaction proceeds, the 577 
nm absorbance decreases with the emergence of a new absorbance at 485 nm (red line) 
belonging to 20-Cp*. The lack of an isosbestic point in the formation of 20-Cp* from 18-




Figure 3.12 Electronic absorption spectrum (25 °C, toluene) monitoring the reaction 
between Me3SiI and 18-Cp*. The arrows indicate reaction progress to first form 19 
(purple) from 18-Cp* (blue) and finally the formation of 20-Cp* (red). 
 
 
 Complex 19, (Me3SiO)UO(I)(MesPDIMe), is a similar intermediate to that in the 
synthesis of [(Et3SiO)2U(Aracnac)2][HB(C6F5)3] from UO2(Aracnac)2, where the authors 
propose the uranium(V) mono-oxo (Et3SiO)UO(Aracnac)2 is formed, followed by the 
second silylation and hydride abstraction by the Lewis acid to form product.12  
 Reductive silylation of 18-tBu was achieved using the analogous synthetic 
protocol. Addition of two equivalents of Me3SiI to 18-tBu resulted in a dark green 
solution within 30 min, followed by conversion to brown (Me3SiO)2UI2(tBu-MesPDIMe) 
(20-tBu) after one hour. 1H NMR spectroscopy of 20-tBu revealed a paramagentically 
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shifted spectrum similar to 20-Cp* with the -Si(CH3)3 and -C(CH3)3 resonances located 
at 11.42 and 4.47 ppm, respectively. In analogy to 18-Cp*, addition of a third equivalent 
of Me3SiI to 18-tBu produced 21-THF after a similar workup procedure. The rapid 
conversion to 20-tBu, in comparison to 20-Cp*, as well as a different intermediate color 
(green vs. purple) suggests that the tridentate ligand remains coordinated throughout the 
course of the reaction and that the electronics of the pyridine(diimine) ligand indeed play 
a role in the reactivity. Monitoring the reaction between 18-tBu and Me3SiI in the UV-
Vis region of the electronic absorption spectrum confirmed the absence of a band at ca. 
577 nm akin to purple intermediate 19. The green color qualitatively observed through 
the intermediate stage of the reaction is supported by a local minimum maintained in the 
region of ca. 510-525 nm. Despite the inability to observe a band attributable to 
intermediate 19-tBu, the lack of an isosbestic point suggests the reaction does not proceed 
directly from 18-tBu to 20-tBu (Figure 3.13). While sharp, weakly intense transitions in 
the near-infrared region of 20-tBu suggest a uranium(IV) complex, confirmation of the 
expulsion of the ligand radical was confirmed by EPR spectroscopy (RT, Toluene, 7 
mM) under a variety of settings, which did not produce a signal. 
 
 
Figure 3.13 Electronic absorption spectrum (25 °C, toluene) monitoring the reaction 






 The observed silylation chemistry proceeds via efficient reduction of U(VI) to 
U(IV), with the reducing equivalents derived from both the pyridine(diimine) and Cp* 
ligands. This is an exciting result in terms of extending uranyl fuctionalization, as 
reducing equivalents could be introduced from a variety of sources. Our studies also 
show that the initial functionalization of the first uranium-oxo is the most challenging, 
and once the strong trans-uranium dioxo unit (and corresponding inverse trans influence) 
is interrupted, functionalization of the second oxo proceeds readily, as does subsequent 




3.4.3 Lewis Base Assisted Reductive Silylation 
 An initial reaction to test our hypothesis that Lewis bases could accelerate the 
reaction was performed by adding the Lewis base, OPPh3, to the previously discuss 
reaction of 18-Cp* and two equivalents of Me3SiI (Scheme 3.5). Without the Lewis base, 
the reaction gradually proceeds over 24 hours, and the product, (Me3SiO)2UI2(MesPDIMe)  
20-Cp*, is isolated as a red solid. With the Lewis base, however, it was observed that the 
reaction went to completion more quickly (~4 hours) and led to the isolation of an off-
white powder following work-up. Phosphine oxides, even in large excess, were not found 




Scheme 3.5 Reductive Silylation of 18-Cp* to form 22-26 
 
 
 1H NMR spectroscopic analysis of the product revealed a paramagnetically 
shifted and broadened spectrum with four resonances ranging from -16.58 to 55.83 ppm. 
The furthest downfield resonance is an intense singlet (18H) reminiscent of that observed 
by Ephritikhine and co-workers. They reported that both the addition of Me3SiC5R5 (R = 
H, Me) to UO2I2(THF)3 or [UO2Cl2(THF)2]2 and the reaction of UX4 with NaOSiMe3 
gave downfield signals (reported range: 50-60 ppm) hypothesized to arise from the - 
OSi(CH3)3 group of a uranium(IV) siloxide.63 Analysis of the off-white solid by infrared 
spectroscopy confirmed the presence of both -SiMe3 and OPPh3 functional groups with 
respective absorptions at SiCH3 = 839 (asym) and υP=O = 1070 cm-1. Additionally, analysis 
of organics extruded from the reaction mixture showed both an equivalent of [MesPDIMe]0 
and one-half equivalent of (C5Me5)2, analogous to that previously observed in the 
conversion of 18-Cp* to (Me3SiO)2UI2(OPPh3)2, suggesting a two electron reduction of 
the uranyl starting material. Thus, the identity of the off-white solid was proposed to be 
the uranium(IV) disiloxide, (Me3SiO)2UI2(OPPh3)2 (22). 
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 Confirmation of the identity of paramagnetic 22 was achieved by X-ray 
diffraction analysis of single crystals obtained from a dilute toluene/n-pentane (1:1) 
solution at ambient temperature. Data refinement revealed the predicted octahedral 
uranium bis(iodide) (U1-I1 = 3.1222(7) Å) with both trans-trimethylsiloxide (U1-O1 = 
2.082(6) Å) (O1-U1-I1 = 88.26(19)°)  and trans-OPPh3 (U1-O2 = 2.333(6) Å) ligands 
(Figure 3.14, Table 3.2). Structurally, 22 is reminiscent of UI2(O(CH2)4I)2(OPPh3)2, 
which was isolated as the THF-ring opened product from UI4(MeCN)4.64 
 
 
Figure 3.14 Molecular structures of 22, 24, 25, and 26 displayed with 30% probability 





 We hypothesized the significant rate enhancement for the reductive silylation of 
18-Cp* that occurs upon addition of the Lewis base was due to formation of 
[Ph3POSiMe3][I] as had been previously identified. Thus, a more basic phosphine oxide 
should favour Si-I bond activation with a higher Keq. Therefore, we screened a variety of 
substituted phosphine oxides for the same silylation reaction of 18-Cp* with Me3SiI (2 
equiv.) and monitored disappearance of the intense blue colour (λmax = 612 nm) of the 
starting material. The results from these experiments show the reaction proceeds faster 
when a more electron donating Lewis base is used, in the order OP(NMe2)3 > OP(p-Tol)3 





Figure 3.15 Competition studies (toluene, 25 °C) showing the disappearance (λ = 612 





 In order to study the relative electrophilicities of the Lewis acid-base pairs, 
[R3POSiMe3][I], they were independently synthesized by the addition of the Me3Si-I to a 
toluene solution of R3P=O. In each case, a white powder immediately precipitated and 
was quantitatively collected by vacuum filtration. For each salt, the environment of the 
silicon atom was assessed via 29Si NMR spectroscopy (CD2Cl2, 25 °C, Figure 3.16). It 
was observed that with increasing electron donation from the Lewis base (higher 
basicity), the 29Si resonance shifts upfield accordingly. The strongly donating HMPA 
results in the greatest upfield shift of the salt adducts at 26.57 ppm. Not surprisingly, only 
a minimal shift is observed between the phenyl and p-tolyl analogues (Δ = 1.42 ppm). 
This 29Si NMR trend supports that observed by Bassindale and Stout where salts of the 
form [(Rpyr)SiMe3][OTf] (Rpyr = substituted pyridines) and [R3POSiMe3][OTf] (R = Ph, 
NMe2) displayed increasingly upfield 29Si NMR chemical shifts with increasing Lewis 
basicity.62 Spialter and co-workers noted via Hammett plots of 29Si NMR chemical shifts 
constructed for (XC6H4)SiY3 (Y = F, H, OC2H5, CH3, Cl) that compounds with electron-
donating silyl substituents (e.g. (XC6H4)SiH3 and (XC6H4)Si(CH3)3) showed upfield 
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shifts.65 Therefore, the trend in the upfield shift in the 29Si resonance of the 
[R3POSiMe3][I] salts can be attributed to increased electrophilicity of the silicon atom as 
R becomes more electron donating. 
 
 
Figure 3.16 29Si NMR spectroscopic data (CD2Cl2, 25 °C), in ppm, showing the upfield 
trend in shifts of the silicon that track with relative electrophilicity. Me3SiI is included as 




 With a general understanding of the influence of Lewis basicity of the phosphine 
oxide on Me3SiI activation, we sought to extend this to more mild silylating reagents. 
This would be advantageous, as previous attempts at silylation of 18-Cp* with other 
silanes resulted in either a) no reaction (Me3Si-SPh, Ph3Si-Cl, iPr3Si-Cl) or b) intractable 
uranium products (Me3Si-Cl, Me3Si-OTf). Thus, the reactions of these silanes with 18-
Cp* were re-examined in the presence of triphenylphosphine oxide. While HMPA is the 
most basic phosphine oxide, it often afforded greasy uranium products, which are more 








Table 3.2 Structural parameters of 22, 24, 25, and 26. 
Bond (Å) or Angle 
(°) 
22 
X = I 
24 
X = Cl 
25 
X = SPh 
26 
X = OTf 
U-X 3.1222(7) 2.677(2) 2.7812(19) 2.430(5) 
U-X -- 2.669(2) -- 2.429(5) 
U-O(SiR3) 2.082(6) 2.112(5) 2.113(5) 2.053(6) 
 -- -- -- 2.066(6) 
U-O(PPh3) 2.333(6) 2.285(6) 2.348(5) 2.339(4) 
O-P 1.500(7) 1.527(6) 1.503(5) 1.506(4) 
X-U-X 180.00 180.00 94.10(9) 141.67(17) 
U-O-Si 167.4(5) 171.0(3) 162.8(4) 178.1(3) 
U-O-Si    173.9(3) 
 
 
 In the presence of OPPh3, reductive silylation of 18-Cp* with Me3SiCl was found 
to proceed to completion over four hours, affording (Me3SiO)2UCl2(OPPh3)2 (23), 
analogous to 22. As is typical, the presence of (Cp*)2 and neutral [MesPDIMe]0 were 
detected by 1H NMR spectroscopy, as well as a resonance attributed to a –OSiMe3 
substituent ( = 49.40 ppm). The presence of phosphine oxide ligands was confirmed by 
IR (υP=O = 1081 cm-1) and 1H NMR spectroscopies, which showed three upfield 
resonances (-16.76, 2.72, 4.38 ppm), similar to 22. 
 With isolation of 23, multiple attempts under a variety of conditions to isolate the 
pyridine(diimine) adduct were made to no avail, despite full consumption of Me3SiCl. 
The addition of OPPh3 to the reaction mixture induces the equilibrium described in 
Equation 1, but unlike for Me3Si-I, the inferiority of chloride as a leaving group results in 
only weak activation. Keq was determined to be 3.8 +/- 0.3 (CD2Cl2, 25 °C) by 1H NMR 
studies. In the conversion of alcohols to chlorides using catalytic DMSO, Snyder suggests 
the reaction between DMSO and Me3Si-Cl forms [Me3SiOSMe2][Cl] with complete 
consumption of each reactant (Keq>>1).66 In that case, the increased electrophilicity of the 
Si in [Me3SiOSMe2][Cl] facilitates nucleophilic attack by an alcohol. Although a weaker 
activation of silylhalides by OPPh3 is noted in our system as compared to the more basic 
DMSO, it is enough to engage the equilibrium displayed in Equation 1 facilitating the 
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reactivity of Me3SiCl with 18-Cp* to afford 23 in high yields and under mild conditions 
in short reaction times.  
 The reactivity of 18-Cp* was investigated with Ph3SiCl, which is typically 
difficult to activate due to its poor electron-donating R-substituents that could potentially 
inhibit the equilibrium to form [B-SiPh3][Cl]. Stirring a toluene solution of 18-Cp* with 
two equivalents of Ph3SiCl over seven days did not result in any consumption of the 
silylhalide. Repeating the reaction with two equivalents of OPPh3 resulted in gradual 
consumption of Ph3SiCl with full conversion to (Ph3SiO)2UCl2(OPPh3)2 (24) over ca. 
five days. Following work-up, analysis of the off-white powder, 24, by 1H NMR 
spectroscopic analysis revealed two sets of three resonances corresponding to the phenyl 
substituents of both –OSiPh3 (furthest downfield) and OPPh3 (furthest upfield).  
 Structural confirmation of 24 was achieved by the analysis of single crystals 
obtained from a concentrated THF solution (-35 °C) by X-ray diffraction (Figure 3.14, 
Table 3.2). Refinement of the data revealed an octahedral uranium dichloride (U1-Cl1 = 
2.677(2); U1-Cl2 = 2.669(2) Å; Cl1-U1-Cl2 = 180.00°) species with both trans-
triphenylsiloxide and trans-OPPh3 (U1-O2 2.285(6) Å) ligands. The triphenylsiloxide-
uranium distances in 24 (2.112(5) Å) are significantly longer than the only other 
crystallographically reported uranium bis(triphenylsiloxide) complexes. Hayton and co-
workers synthesized two uranium(V) complexes, U(OSiPh3)2(dbm)2(OTf) (dbm = 
OC(Ph)CHC(Ph)O) (2.005(2), 2.018(2) Å) and [U(OSiPh3)2(Aracnac)2][OTf] (Aracnac = 
ArNC(Ph)CHC(Ph)O; Ar = 3,5-tBu2C6H3) (2.044(2) Å), by reductive silylation of the 
parent uranyl species using two equivalents of Ph3Si-OTf.15  
 With the ability of OPPh3 to assist the reaction between the electron deficient 
silane, Ph3Si-Cl, and 18-Cp*, we sought to determine whether a sterically bulky silane 
would prevent Lewis base coordination and therefore stop reactivity. Piers and co-
workers observed that Lewis acid activation (B(C6F5)3) of tertiary silanes for catalytic 
hydrosilylation of ketones did not proceed when iPr3SiH was employed because the 
LUMO of the iPr3Si-H-B(C6F5)3 adduct lies along the Si-H-B axis (accessible lobe 
located trans to the Si-H bond) and is sterically inaccessible to nucleophilic attack.67 
When the system was applied to uranyl reductive silylation, Hayton and co-workers 
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found iPr3Si-H was also unreactive.10 Analogously, upon reacting 18-Cp* with iPr3Si-Cl, 
no uranyl activation or consumption was observed in the presence of two equivalents of 
OPPh3. Despite the potential ability of the electron donating isopropyl substituents to 
better stabilize silylium nature in the cation, the equilibrium in Equation 1 is likely barred 
by the inability to perform a nucleophilic attack at Si. This also explains the lack of 
reactivity between 18-Cp* and iPr3Si-Cl, while its smaller counterpart, Me3Si-Cl, reacts 
readily. 
 To investigate the generality of the Lewis base assisted uranyl reductive silylation 
with R3Si-X type reagents, variation of the leaving group, X, was also examined. 
Reaction of 18-Cp* with two equivalents of Me3SiSPh in the presence of two equivalents 
of OPPh3 resulted in the gradual conversion to (Me3SiO)2U(SPh)2(OPPh3)2 (25), after ~2 
days. Characterization of the yellow powder by 1H NMR spectroscopy revealed seven 
paramagnetically shifted resonances ranging from -17.95 to 51.93 ppm. The –OSiMe3 
protons are furthest downfield, while again, all equatorial based ligands are shifted 
upfield with the ortho protons of the –SPh (-9.72 ppm) and -OPPh3 (-17.95 ppm) affected 
to the greatest extent. 
 Structural parameters of 25 were obtained by X-ray diffraction analysis of single 
crystals that precipitated from a benzene solution at room temperature. Refinement of the 
data revealed an octahedral uranium trans-bis(trimethylsiloxide) (U1-O1 = 2.113(5) Å; 
174.2(3)°) complex with cis-phenylthiolate (94.10(9)°) and cis-triphenylphosphine oxide 
(U1-O2 = 2.348(5) Å; 86.9(3)°) ligands (Figure 3.14, Table 3.2). The U-S distances 
(2.7812(19) Å) are similar to those reported for the terminal -SPh ligands in [U(SPh)2(μ2-
SPh)2(MeCN)2]2 (2.813(2) Å)68 reported by Neu and co-workers and the U1-S1-C10 
bond angle (108.0(3)°) is similar to other cis-thiolate compounds including 
Cp*2U(SCH3)2 (108.1(5)°).69  
 The formation of 25 via Lewis base promoted reductive silylation of 18-Cp* 
illustrates that halide leaving groups are not a requirement for the equilibrium in Equation 
1 to be present. Hayton and co-workers have used highly reactive R3Si-OTf (R = Ph, Me) 
to achieve reductive silylation of their systems.70 The reactivity of 18-Cp* with Me3Si-
OTf was investigated to continue the silane screen and to serve as a basis for comparison. 
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Treating a toluene solution of 18-Cp* and two equivalents of OPPh3 with two 
equivalents of Me3Si-OTf results in rapid quenching of the blue colour of 18-Cp* and 
formation of an off-white powder following workup. Investigation of the product by 1H 
NMR spectroscopy revealed a spectrum nearly identical to 22 with four paramagnetically 
broadened resonances with the furthest downfield (57.02 ppm) assigned to equivalent 
Me3SiO- protons and the most upfield resonance (-16.34 ppm) assigned to the ortho 
protons of equatorially bound OPPh3 ligands. Confirmation of a -OTf was confirmed by a 
resonance at -111.20 ppm in the 19F NMR spectrum, leading to the assignment of the 
powder as (Me3SiO)2U(OTf)2(OPPh3)2 (26). 
 Interestingly, repeating the reaction absent OPPh3 results in intractable products 
with full consumption of Me3Si-OTf, consistent with its highly reactive nature. In 
aromatic solvents, Me3SiOTf is known to react completely with OPPh3 to form 
[Ph3POSiMe3][OTf]. The formation of this salt likely tempers the silane reactivity 
allowing for a more controlled attack of the silyl group by the UO22+ moiety. Thus, the 
Lewis base adducts of silyl-halides/psuedohalides can be employed to modulate the 
reactivity of less electrophilic (Me3Si-Cl, Me3Si-SPh) or highly reactive (Me3Si-OTf) 
silanes. 
 Once again, single crystal X-ray crystallography was used to assess the structural 
environment around uranium. Refinement of the data obtained from crystals grown from 
a concentrated THF/n-pentane (1:1) solution revealed a seven coordinate uranium trans-
trimethylsiloxide (176.85(17)°) complex with the equatorial plane comprised of two 
trifluoromethanesulfonate ligands, two THF molecules (U1-O10 = 2.480(5); U1-O11 = 
2.461(4) Å), and a single OPPh3 (U1-O3 = 2.339(4) Å) (Figure 3.14, Table 3.2). The U-
OSiMe3 distances (U1-O1 = 2.066(6); U1-O2 = 2.053(6) Å) are shorter than 22, and 25, 
but are similar to (Me3SiO)2UI2(2,2’-bipyridyl)2 (2.084(4) Å).56 The pair of 1-OTf 
ligands displays long uranium-oxygen contacts (U1-O4 = 2.430(5); U1- O7 = 2.429(5) 
Å), but are not dissimilar to other reported uranium(IV) trifluoromethanesulfonates 
including (COT)U(OTf)2(OPPh3)2 (2.382(4), 2.433(4) Å)71 and 
((tBuO)3SiO)3U(OTf)(THF)2 (2.421(13) Å).72 Crystallization from THF caused 
displacement of one OPPh3 by two THF molecules; however, integration of resonances 
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by 1H NMR spectroscopy clearly indicated two OPPh3 ligands per uranium in analogy to 
22-25. 
 As in the reductive silylation of 18-Cp*, formation of 22-26 proceeds by the 
reduction of uranium(VI) to uranium(IV), with electrons provided from both [MesPDIMe]1- 
and Cp*-anion. The resulting six-coordinate uranium(IV) complexes show similar NMR 
spectroscopic characteristics, with the trans-siloxide protons appearing as the most 
downfield shifted resonances, independent of the substituents (Me, Ph). Likewise, ligands 
situated in the equatorial plane always display resonances in the 1H NMR spectrum 
shifted upfield of their diamagnetic reference value regardless if they are due to the 
neutral OPPh3 or an anionic X-ligand (Table 3.3). Additionally, no 31P NMR signals were 
detected for any of the compounds reported here despite the commonality of 31P NMR 
characterization of uranium(IV) complexes.73 We attribute this absence to extreme signal 
broadening, as the 1H NMR signals observed are all display very large peak widths at 
half-height. Evans and coworkers have recently explored the utility of 29Si NMR 
resonances of uranium complexes as they relate to uranium oxidation state.74 
Unfortunately, we were unable to detect 29Si NMR resonances for complexes 22-26, 
though it is unclear whether this is a result of paramagnetic broadening or if a potential 
signal is being obstructed by the inherent glass resonance. 
 
Table 3.3 1H NMR, infrared, and electronic absorption spectroscopic data for 22, 23, 24, 















(Me3SiO)2UI2(OPPh3)2 (22) 55.83 -16.58 3.14 4.59 1070 362 
(Me3SiO)2UCl2(OPPh3)2 (23) 49.40 -16.76 2.72 4.38 1081 328 
(Ph3SiO)2UCl2(OPPh3)2 (24) -- -14.15 3.59 4.72 1080 325 
(Me3SiO)2U(SPh)2(OPPh3)2 (25) 51.93 -17.95 2.42 4.14 1082 373 
(Me3SiO)2U(OTf)2(OPPh3)2 (26) 56.89 -16.89 3.17 4.63 1066 -- 
 
 
 The ease of the observed reductive silylation chemistry can be correlated to the 
silyl reagent activation by OPPh3 as indicated by the equilbrium constant. In the case of 
Me3SiX (X = I, OTf), complete Si-X dissociation was noted with isolation of the ion pair 
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salts possible, and uranyl reductive silylation proceeds readily, in less than 4 hours. For 
Me3SiCl and Me3SiSPh, respective equilibrium constants of 3.8 +/- 0.3 and 1.3 +/- 0.1 
were measured. In these cases, reductive silylation proceeds over a longer scale, requiring 
reaction times of 4 and 46.5 hours, respectively. For Ph3SiCl, a weak equilibrium 
constant is suspected (Keq<<1), and is consistent with the 115 hr reaction time required 
for completion of the reaction. 
 
 
Figure 3.17 Electronic absorption spectra for 22, 23, 24, 25, and 26. Data was collected 
from 300-2100 nm in THF at ambient temperature. 
 
 
 Vibrational spectroscopic measurements of 22-26 all display little variation in the 
extent of reduction of the phosphorus-oxygen double bond of the OPPh3 ligands, with 
values ranging from 1066-1082 cm-1. Their magnitude is on the order of those reported 
for other uranium complexes bearing OPR3 ligands, regardless of oxidation state.75 
 Electronic absorption spectroscopic data was acquired for the entire series of 
compounds between 300-2100 nm, and each displays similar features (Figure 3.17). All 
spectra display sharp, weakly intense (ε = 5 – 70 M-1cm-1) f-f transitions throughout the 
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near- infrared region and into the visible region, characteristic of the uranium(IV) 
oxidation state.76 Light yellow 25 displays the lowest energy absorbance (λmax = 373 nm), 
which tails into the visible region. The other four complexes are colourless with the three 




3.4.4 Cleavage of Oxo-derived –OSiR3 
 With the variety of examples that have now been developed to achieve the oxo-
silylation of UO22+, relatively few examples exist of the complete cleavage of the oxo 
derived –OSiR3 substituent on reasonable scales to produce viable materials.15, 77, 78 We 
have recently demonstrated from the reductive silylation of 18-Cp* that this is possible.61 
Thus, we targeted a facile, high yielding method for the formation of uranium 
tetra(halides) or pseudohalides from the uranium(IV) products obtained via Lewis base 








 Treating a toluene slurry of 22 with two equivalents of Me3Si-I results in the 
gradual deposition of a yellow powder identified as (Ph3PO)2UI4 (27-I) by 1H NMR 
spectroscopy (Scheme 3.6).64 Repeating the reaction in C6D6 confirmed the formation of 
Me3Si-O-SiMe3. This reaction, when performed in THF, neither produced Me3Si-O-
SiMe3 nor 27-I, but rather an oily uranium containing compound suspected to arise from 
THF ring opening as well as the organic byproduct, Me3SiO-(CH2)4-I. 
 Thus, a general method to convert the chloride containing species, 23 and 24, to 
27-I was also established. While complexes of the type UI4-nXn (X = Br, Cl) exist and 
have been studied, their use as a viable starting material is impractical because of the 
facile halide exchange results in every possible halide combination.64 Therefore, toluene 
slurries of each 23 and 24 were treated with four equivalents of Me3Si-I, resulting in the 
slow deposition of insoluble 27-I. Monitoring the reaction by 1H NMR spectroscopy 
revealed the formation of two equivalents of Me3Si-Cl as well as both Me3Si-O-SiMe3 
and Me3Si-O-SiPh3 for 23 and 24, respectively. The reactions to cleave the uranium-
siloxide bond did not proceed when Me3Si-Cl was employed, indicating the necessity for 
a strong silylating reagent for this transformation.  
 Finally, the trifluoromethanesulfonate species, 26¸ was converted to the 
tetrakis(trifluoromethanesulfonate) compound, (Ph3PO)2U(OTf)4 (27-OTf), previously 
described by Ephritikhine and coworkers (Scheme 3.6).71 Treating a colourless toluene 
solution of 26 with two equivalents of Me3Si-OTf results in an immediate colour change 
to mint green with expulsion of Me3Si-O-SiMe3 (1H NMR spectroscopy, C6D6). 
Investigation of the uranium species revealed both resonances assignable to bound OPPh3 
(1H,  = 10.66 (p), 11.89 (m), 33.36 (o) ppm) and -OTf (19F,  = -102.65). Electronic 




Figure 3.18 Electronic absorption spectrum of (Ph3PO)2U(OTf)4 (27-OTf) recorded in 




 The formation of 27-I and 27-OTf from oxo-derived siloxide ligands proceeds 
cleanly, in high yields (72 – 98%), with minimal work-up. We surmise this general 
procedure should be broadly applicable to generic uranium(IV) complexes containing 




 In conclusion, a pair of hexavalent uranyl complexes have been synthesized via 
transfer of two [O]2- units from N-methylmorpholine N-oxide to highly reduced uranium 
complexes. Formation of a uranyl species via this route is rare, as the four electron 
process is generally unreachable for uranium. Here, two reducing equivalents are derived 
each from the redox-active pyridine(diimine) ligand and the uranium(IV) metal center, 
contrary to what was previously observed in the formation of Cp*U(NPh)2(MesPDIMe). 
While in situ generated uranyl U(VI)/L.- has been observed previously, complexes 18-
Cp* and 18-tBu represent the first fully characterized uranium(VI) complexes bearing a 
187 
 
ligand radical. Due to their stability, characterization by electronic absorption, 
vibrational, EPR, and multinuclear NMR spectroscopies as well as X-ray crystallography 
was possible. 
 Stoichiometric, stepwise reductive silylation of these uranyl complexes was 
accomplished using Me3SiI to produce uranium(IV) siloxide complexes. As in the 
formation of the uranyl species, the redox-active pyridine(diimine) plays a significant 
role in the reductive silylation by providing a reducing electron while the second is 
derived from homolytic cleavage of the pentamethylcyclopentadienyl ligand. Thus, 18-
Cp* can be thought of as a masked form of a tetravalent uranyl, which is highly active 
towards silylation. Further addition of Me3SiI affords UI4(1,4-dioxane)2 by full removal 
of the oxo groups, showing a complete conversion from U(VI) to U(IV). Further, the 
challenging transformation of reductive silylation of UO22+ can be facilitated by Lewis 
bases. The substituted phosphine oxides used here are commercially available and 
operationally simple to use, serving to activate less reactive silylating reagents towards 
nucleophilic attack by uranyl oxo ligands, thus broadening the scope of the family of 
reagents that can be used. This is evidenced by the fact that Me3Si-SPh, Me3SiCl, and 
Ph3SiCl, which are effective in our Lewis base promoted system, have not been 
demonstrated previously to be successful for stoichiometric uranyl functionalization. In 
some cases, we have also demonstrated that phosphine oxides can mediate highly 
reactive silanes, thus directing their reactivity toward the desired goal. Once addition 
across the strongly bonded O=U=O unit has been accomplished, a generally method for 
cleavage of the weaker U-O single bonds has been developed. 
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CHAPTER 4. FACILE REDUCTIVE SILYLATION OF UO22+ 
 
4.1. Abstract 
 General reductive silylation of the UO22+ cation occurs readily in a one-pot, two-
step stoichiometric reaction at room temperature to form uranium(IV) siloxides. Addition 
of two equivalents of an alkylating reagent to UO2X2(L)2 (X = Cl, Br, I, OTf; L = 
triphenylphosphine oxide, 2,2’-bipyridyl) followed by two equivalents of a silyl 
(psuedo)halide, R3Si-X (R = aryl, alkyl, H; X = Cl, Br, I, OTf, SPh), cleanly affords 
(R3SiO)2UX2(L)2 in high yields. Support is included for the key step in the process, 
reduction of U(VI) to U(V). This procedure is applicable to a wide range of commercially 
available uranyl salts, silyl halides, and alkylating reagents. Under this protocol, one 
equivalent of SiCl4 or two equivalents of Me2SiCl2 results in direct conversion of the 
uranyl to uranium(IV) tetrachloride. Full spectroscopic and structural characterization of 
the siloxide products is reported. 
 
4.2. Introduction 
 The uranyl cation [UO22+] is the most prevalent form of uranium, known for its 
robust trans-dioxo moiety.[1] The bond strength of the uranium-oxygen multiple bonds 
renders these moieties resistant to activation or functionalization.[2] Though studied using 
a variety of methods, [3-11] the most fruitful for U=O reduction is reductive silylation, 
where the driving force is formation of O-Si bonds. Previous reductive silylation systems 
are marred by the need for large excesses of silyl halides,[12-14] side reactivity of 
coordinated ligands[12, 13] or their use as sacrificial reductants,[15] the need for pre-
activation,[16-18] or the requirement of complex macrocyclic ligands.[19] These flaws 
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prevent the reductive silylation of UO22+ from being a practical approach for converting 
generic uranyl species into viable uranium starting materials Our progress in 
reductive silylation has focused on a novel uranyl species, Cp*UO2(MesPDIMe) (Cp* = 
1,2,3,4,5-pentamethylcyclopentadienyl; MesPDIMe = 2,6-((Mes)N=CMe)2C5H3N, Mes = 
2,4,6-trimethylphenyl), bound by a redox active pyridine(diimine) ligand. While formally 
uranium(V), this complex is best described spectroscopically as a uranium(VI) ion bound 
by a mono(anionic) [MesPDIMe]1-.[20] Using a Lewis base to pre-activate the silyl halide 
facilitates stoichiometric reductive silylation at room temperature, which is accompanied 
by a reduction from U(VI) to U(IV).[15] Like its predecessors, these reactions are 
inherently flawed, as they only proceed with two reducing electrons derived from the Cp* 
and MesPDIMe ligands, which are subsequently lost. Thus, a more general, commonly 
available electron source was targeted. 
 In organometallic chemistry, two electrons are conveniently accessed through 
reductive elimination; we hypothesized that carbon-carbon reductive elimination from a 
uranyl dialkyl species would serve as an effective electron source to facilitate reductive 
silylation of the trans-dioxo moiety. Pioneering work by Seyam and co-workers 
described the synthesis of a family of thermally unstable uranyl dialkyls of the type 
UO2R2 (R = Me, vinyl, iPr, nBu, tBu, Ph) from the metathesis of [UO2Cl2] with lithium 
alkyls or Grignard reagents.[21] While the organometallic compounds remained elusive, 
the organic byproducts formed upon decomposition were derived from: 1) H-atom 
abstraction, 2) β-hydride elimination, and 3) reductive elimination (R = Ph only). 
Subsequently, the first uranyl alkyl complex, [Li(DME)1.5]2[UO2(CH2SiMe3)4], has been 












 All air- and moisture-sensitive manipulations were performed using standard 
Schlenk techniques or in an MBraun inert atmosphere drybox with an atmosphere of 
purified nitrogen. The MBraun drybox was equipped with a cold well designed for 
freezing samples in liquid nitrogen as well as two −35 °C freezers for cooling samples 
and crystallizations. Solvents for sensitive manipulations were dried and deoxygenated 
using literature procedures with a Seca solvent purification system.33  
 Benzene-d6, chloroform-d, and dichloromethane-d2 were purchased from 
Cambridge Isotope Laboratories. Benzene-d6 was dried by storage over molecular sieves 
and sodium. Chloroform-d and dichloromethane-d2 were distilled from CaH2 and stored 
over molecular sieves. Both were and degassed by three freeze–pump–thaw cycles. Celite 
was dried by heating to 120 °C under vacuum overnight. All commercial chemicals were 
purchased from Sigma Aldrich unless otherwise noted. Uranyl acetate was purchased 
from J.T. Baker Chemical Co. and used as received. (Trimethylsilylmethyl)lithium (1.0 
M in n-pentane), sodium triethylborohydride (1.0 M in toluene), methylmagnesium 
bromide (3.0 M in diethyl ether), n-butyllithium (2.5 M in n-hexane), hydrobromic acid, 
iodotrimethylsilane, trimethylsilyltrifluoromethanesulfonate, triphenylsilane, and sodium 
iodide were used as received. Triphenylphosphine oxide and 2,2’-bipyridyl were 
recrystallized from THF solutions layered with n-pentane at -35 °C. The following 
chemicals were distilled from calcium hydride prior to use: dichlorodimethylsilane, 
silicon tetrachloride, chlorotriethylsilane, chlorotrimethylsilane, bromotrimethylsilane, 
chlorodimethylphenylsilane, chlorodiphenylmethylsilane, chlorodiphenylsilane, 
triisopropylsilylchloride, and trimethylsilyl(phenylthio)silane. [UO2Cl2(THF)2]2,34 benzyl 
potassium,35 NaCH2SiMe3,36 KCH2SiMe3,36 KC8,37 UO2I2(THF)3,38 UO2(OTf)2(2,2’-
bpy)2,26 and [UO2(OPPh3)4][OTf]227 were prepared according to literature procedures. 
UO2Cl2(OPPh3)2,39 UO2I2(OPPh3)2,40 and UO2Br2(OPPh3)241,42 were prepared according 
to modified literature procedures and are detailed below. 
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 1H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at 
299.992 MHz. All chemical shifts are reported relative to the peak for SiMe4, using 1H 
(residual) chemical shifts of the solvent as a secondary standard. The spectra for 
paramagnetic molecules were obtained by using an acquisition time of 0.5 s, thus the 
peak widths reported have an error of ±2 Hz. For paramagnetic molecules, the 1H NMR 
data are reported with the chemical shift, followed by the peak width at half height in 
hertz, the integration value, and, where possible, the peak assignment. Elemental analyses 
were performed by Complete Analysis Laboratories, Inc., Parsippany, NJ, Galbraith 
Laboratories, Inc., Nashville, TN, and . Electronic absorption spectroscopic 
measurements were recorded at ambient temperature in sealed 1 cm quartz cuvettes with 
a Jasco V-6700 spectrophotometer. Infrared spectra were recorded using a Thermo 
Nicolet 6700 spectrometer. Samples were prepared on either KBr salt plates or as KBr 
pellets.  
 All voltammetric data were obtained under inert atmosphere conditions using 
external electrical ports of the MBraun inert drybox. All data were obtained using a 
Gamry Instruments Interface 1000 model potentiostat using the Gamry Instruments 
Laboratory software on a Dell model laptop. Samples were collected in acetonitrile with 
0.1 M [Bu4N][OTf] supporting electrolyte concentration. Data were collected without 
internal resistance corrections. Solutions were obtained in 4 dram cells, consisting of a 
3mm glassy carbon working electrode, a platinum wire counter electrode, and a silver 
wire quasi-reference electrode. Potential corrections were performed at the end of the 
experiment using the Fc0/+ couple as the internal standard. 
 Single crystals of 32, 29, and 27-Cl suitable for X-ray diffraction were coated 
with poly(isobutylene) oil in a glovebox and quickly transferred to the goniometer head 
of a Rigaku Rapid II image plate diffractometer equipped with a MicroMax002+ high 
intensity copper X-ray source with confocal optics. Preliminary examination and data 
collection were performed with Cu K radiation (λ = 1.54184 Å). Single crystals of 23, 
33, (Me3SiO)2UX2(OPPh3)2, (X = Br and/or I) and (Ph2MeSiO)2UX2(OPPh3)2 (X = Cl 
and/or I) were transferred to a Bruker AXS D8 Quest CMOS diffractometer equipped 
with a complementary metal−oxide−semiconductor (CMOS) detector and an I-μ-S Mo 
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Kα microsource X-ray tube (λ = 0.71073 Å) operated at 50 kV and 1 mA with laterally 
graded multilayer (Goebel) mirror X-ray optics. Structures were solved with SHELXS43 
and refined using the graphical user interface ShelXle44 for the refinement program 
SHELXL.45  
Synthesis of UO2X2(OPPh3)2 (X = I, Cl) from UO2I2(THF)3 and [UO2Cl2(THF)2]2 
The procedures used to form both UO2I2(OPPh3)2 and UO2Cl2(OPPh3)2 are identical, so 
only the later will be discussed. A 20 mL scintillation vial was charged with 
[UO2Cl2(THF)2] (1.000 g, 2.061 mmol) and 15 mL of THF. While stirring, 
triphenylphosphine oxide (1.147 g, 4.122 mmol) was added resulting in the gradual 
formation of an insoluble precipitate over 15 min. After 1 hr, the solution was layered 
with 5 mL of diethyl ether and set in the freezer (-35 °C). After 1 hr, the solid was 
collected by vacuum filtration and washed repeatedly with a diethyl ether/THF mixture 
(2:1) to afford quantitative yield of the off-white product, UO2Cl2(OPPh3)2. 
Synthesis of UO2Br2(OPPh3)2 In a well ventilated hood, in a 50 mL round bottom flask, 
Uranyl acetate hydrate (1.000 g, 2.358 mmol) was suspended in 10 mL of methanol. 
Aqueous hydrobromic acid (48%, 4.00 mL) was added and stirred for ca. 5 min until all 
of the uranyl acetate had dissolved. The flask was then heated to 100 °C in a sandbath 
until dry. Once dry, the crude orange residue was dissolved in 35 mL methanol and 
triphenylphosphine oxide (1.312 g, 4.715 mmol) was added under vigorous stirring 
resulting in gradual precipitation of a white solid. After 30 min, the solid was collected 
by vacuum filtration, washed with diethyl ether, and dried in vacuo for 24 hr prior to use. 
The white solid was subsequently stored in a glovebox (1.945 g, 1.971 mmol, 84%). 
Synthesis of (Ph3PO)2UCl4 (27-Cl) In a glove box, a 20 mL scintillation vial was 
charged with uranium tetrachloride (0.500 g, 1.315 mmol) and 15 mL of THF. While 
stirring, triphenylphosphine oxide (0.732 g, 2.630 mmol) was added resulting in the 
gradual precipitation of (Ph3PO)2UCl4 (27-Cl) as an off-white / light green material. 
After 30 min, the slurry was placed in the freezer for 15 min to allow full precipitation of 
(Ph3PO)2UCl4 (27-Cl) which was subsequently collected via vacuum filtration and 




Alkylating Reagent Variation 
1) KCH2Ph 
Synthesis of (Me3SiO)2UCl2(OPPh3)2 (23) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of benzylpotassium (0.029 g, 0.221 mmol) and 3 mL THF 
and frozen. Upon thawing, the benzylpotassium solution was added dropwise to the 
thawing UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to dark brown. 
After 30 seconds of stirring, a THF solution (2 mL) of chlorotrimethylsilane (0.029 mL, 
0.228 mmol) was added and stirred 60 min resulting in a translucent colourless-yellow 
solution. Volatiles were removed in vacuo. The product was extracted into toluene, 
filtered over glass wool, and dried. The resulting solid was washed with n-pentane to 
afford off-white powder (0.094 g, 0.090 mmol, 81%) identified as 
(Me3SiO)2UCl2(OPPh3)2 (23) by 1H NMR spectroscopy. Analysis of the pentane 
washings by 1H NMR spectroscopy revealed bibenzyl. Single, X-ray quality crystals 
were obtained from a concentrated THF/diethyl ether (3:1) stored at -35 °C. 
2) LiCH2CH2CH2CH3 
Synthesis of (Me3SiO)2UCl2(OPPh3)2 (23) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of n-butyllithium (2.5 M in n-hexane) (0.089 mL, 0.223 
mmol) and 3 mL THF and frozen. Upon thawing, the n-butyllithium solution was added 
dropwise to the thawing UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change 
to light brown. After 30 seconds of stirring, a THF solution (2 mL) of 
chlorotrimethylsilane (0.029 mL, 0.228 mmol) was added and stirred 60 min resulting in 
a translucent colourless-yellow solution. Volatiles were removed in vacuo. The product 
was extracted into toluene, filtered over glass wool, and dried. The resulting solid was 
washed with n-pentane to afford off-white powder (0.083 g, 0.080 mmol, 72%) identified 
as (Me3SiO)2UCl2(OPPh3)2 (23) by 1H NMR spectroscopy. The reaction was repeated on 
a smaller scale in THF-d8 using 2.0 M n-butyllithium in cyclohexane and analysis of the 





Synthesis of (Me3SiO)2UCl2(OPPh3)2 (23) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of KCH2SiMe3 (0.028 g, 0.222 mmol) and 3 mL THF and 
frozen. Upon thawing, the KCH2SiMe3 solution was added dropwise to the thawing 
UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. After 30 
seconds of stirring, a THF solution (2 mL) of chlorotrimethylsilane (0.029 mL, 0.228 
mmol) was added and stirred 60 min resulting in a translucent colourless-yellow solution. 
Volatiles were removed in vacuo. The product was extracted into toluene, filtered over 
glass wool, and dried. The resulting solid was washed with n-pentane to afford off-white 
powder (0.082 g, 0.079 mmol, 71%) identified as (Me3SiO)2UCl2(OPPh3)2 (23) by 1H 
NMR spectroscopy.  
4) NaCH2SiMe3 
Synthesis of (Me3SiO)2UCl2(OPPh3)2 (23) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) and 3 mL THF and 
frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. After 30 
seconds of stirring, a THF solution (2 mL) of chlorotrimethylsilane (0.028 mL, 0.221 
mmol) was added and stirred 60 min resulting in a translucent colourless-yellow solution. 
Volatiles were removed in vacuo. The product was extracted into toluene, filtered over 
glass wool, and dried. The resulting solid was washed with n-pentane to afford off-white 
powder (0.085 g, 0.081 mmol, 73%) identified as (Me3SiO)2UCl2(OPPh3)2 (23) by 1H 
NMR spectroscopy. The reaction was repeated on a smaller scale and filtered over 
alumina without the removal of volatiles and analyzed by GC/MS, revealing 








Synthesis of (Me3SiO)2UCl2(OPPh3)2 (23) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of LiCH2SiMe3 (0.021 g, 0.223 mmol) and 3 mL THF and 
frozen. Upon thawing, the LiCH2SiMe3 solution was added dropwise to the thawing 
UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. After 30 
seconds of stirring, a THF solution (2 mL) of chlorotrimethylsilane (0.029 mL, 0.228 
mmol) was added and stirred 60 min resulting in a translucent colourless-yellow solution. 
Volatiles were removed in vacuo. The product was extracted into toluene, filtered over 
glass wool, and dried. The resulting solid was washed with n-pentane to afford off-white 
powder (0.110 g, 0.105 mmol, 95%) identified as (Me3SiO)2UCl2(OPPh3)2 (23) by 1H 
NMR spectroscopy. 
6) Potassium Graphite 
Synthesis of (Me3SiO)2UCl2(OPPh3)2 (23) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. Upon thawing, the 
solid potassium graphite (0.030 g, 0.222 mmol) was added to the thawing 
UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to dark brown/black. 
After 30 seconds of stirring, a THF solution (2 mL) of chlorotrimethylsilane (0.029 mL, 
0.228 mmol) was added and stirred 60 min resulting in a dark slurry. Volatiles were 
removed in vacuo. The product was extracted into toluene, filtered over glass wool, and 
dried. The resulting solid was washed with n-pentane to afford off-white powder (0.044 
g, 0.042 mmol, 38%) identified as (Me3SiO)2UCl2(OPPh3)2 (23) by 1H NMR 
spectroscopy. 
7) Sodium triethylborohydride 
Attempted synthesis of (Me3SiO)2UCl2(OPPh3)2 (23) A 20 mL scintillation vial was 
charged with UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A 
separate vial was charged with two equivalents of sodium triethylborohydride (1.0 M in 
toluene) (0.223 mL, 0.223 mmol) and 3 mL THF and frozen. Upon thawing, the sodium 
triethylborohydride solution was added dropwise to the thawing UO2Cl2(OPPh3)2 slurry 
resulting in only a minimal darkening of the solution. After 30 seconds of stirring, a THF 
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solution (2 mL) of chlorotrimethylsilane (0.029 mL, 0.228 mmol) was added and stirred 
60 min resulting cloudy, light coloured slurry. Volatiles were removed in vacuo. 
Extraction into toluene, filtration over glass wool, and washing with n-pentane only 
afforded free triphenylphosphine oxide with no evidence of (Me3SiO)2UCl2(OPPh3)2 (23) 
by 1H NMR spectroscopy. 
8) Methylmagnesium bromide 
Attempted synthesis of (Me3SiO)2UCl2(OPPh3)2 (23) A 20 mL scintillation vial was 
charged with UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A 
separate vial was charged with two equivalents of methylmagnesium bromide (3.0 M in 
diethyl ether) (0.074 mL, 0.222 mmol) and 3 mL THF and frozen. Upon thawing, the 
Grignard solution was added dropwise to the thawing UO2Cl2(OPPh3)2 slurry resulting in 
an immediate colour change to dark brown. After 30 seconds of stirring, a THF solution 
(2 mL) of chlorotrimethylsilane (0.029 mL, 0.228 mmol) was added and stirred 60 min 
resulting dark brown solution. Volatiles were removed in vacuo. Extraction into toluene, 
filtration over glass wool, and washing with n-pentane afforded a light brown powder. 
Analysis by 1H NMR spectroscopy revealed an uninterpretable paramagnetic spectrum 
with no evidence of (Me3SiO)2UCl2(OPPh3)2 (23). Similar results were obtained when 

















Scheme 4.1 Crossover experiments to probe the plausibility of a uranium(V) intermediate 
 
 
 The crossover experiments in Scheme 4.1 were performed to probe the reductive 
silylation of UO2Cl2(OPPh3)2. In the top scheme, two separate vials of in situ generated 
U(V)-uranyl were treated with KCH2C6H5 and KCD2C6D5, respectively, and then mixed. 
The resulting solution was treated with four equivalents of Me3SiCl. The organics were 
collected and analyzed by GC/MS to reveal a ratio of bibenzyl-H14 : bibenzyl-H7 : 
bibenzyl-D14 of 0.97 : 0.63 : 1.00. The ratio of crossover product is less that of the 
anticipated ration of 1.00 : 2.00 : 1.00 and is attributed to the poorer performance of 
benzylpotassium and likely decomposition as compared other alkylating reagents tested 
in this study (ex. MCH2SiMe3). 
 A similar experiment was carried out in the bottom scheme employing KCH2C6H5 
and KCD2C6D5 as the reductant for the U(VI)-U(V) transformation. Under these 
conditions, a final ratio of bibenzyl-H14 : bibenzyl-H7 : bibenzyl-D14 of 1.00 : 0.27 : 0.90 
was observed as compared to the theoretical 1.00 : 0.66 : 1.00 ratio. The lower ratio of 
the crossover product is again associated with the diminished performance of 
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benzylpotassium in these studies. However, these results are consistent with the first step 
of the reductive silylation process being reduction of uranium(VI) to uranium(V). 
Uranyl Variation 
1) UO2I2(OPPh3)2 
Synthesis of (Me3SiO)2UI2(OPPh3)2 (22) A 20 mL scintillation vial was charged with 
UO2I2(OPPh3)2 (0.100 g, 0.093 mmol) and 5 mL 1,4-dioxane and frozen. A separate vial 
was charged with two equivalents of NaCH2SiMe3 (0.021 g, 0.191 mmol) and 3 mL 1,4-
dioxane and frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the 
thawing orange UO2I2(OPPh3)2 slurry resulting in an immediate colour change to light 
brown. After 30 seconds of stirring, a 1,4-dioxane solution (2 mL) of iodotrimethylsilane 
(0.026 mL, 0.183 mmol) was added and stirred 60 min resulting in a translucent light 
yellow solution. Volatiles were removed in vacuo. The product was extracted into 
toluene, filtered over glass wool, and dried. The resulting solid was washed with n-
pentane to afford off-white powder (0.091 g, 0.074 mmol, 80%) identified as 
(Me3SiO)2UI2(OPPh3)2 (22) by 1H NMR spectroscopy. When the reaction is performed in 
THF, the only identifiable product is Me3SiO(CH2)4I (see below). 
2) UO2Br2(OPPh3)2 
Synthesis of (Me3SiO)2UBr2(OPPh3)2 (28) A 20 mL scintillation vial was charged with 
UO2Br2(OPPh3)2 (0.100 g, 0.101 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of NaCH2SiMe3 (0.022 g, 0.200 mmol) and 3 mL THF and 
frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
white UO2Br2(OPPh3)2 slurry resulting in an immediate colour change to light brown. 
After 30 seconds of stirring, a THF solution (2 mL) of bromotrimethylsilane (0.027 mL, 
0.205 mmol) was added and stirred 60 min resulting in a translucent colourless-yellow 
solution. Volatiles were removed in vacuo. The product was extracted into toluene, 
filtered over glass wool, and dried. The resulting solid was washed with n-pentane to 
afford off-white powder (0.086 g, 0.076 mmol, 75%) assigned as 
(Me3SiO)2UBr2(OPPh3)2 (28). Elemental analysis of C42H48O4P2Si2Br2U:  Calculated, C, 
44.53; H, 4.28.  Found, C, 44.59; H, 4.16. 1H NMR (C6D6, 300 MHz, 25 °C) δ = -17.89 
(136, 12H, o-Ph-ArH), 2.39 (67, 12H, m-Ph-ArH), 4.05 (65, 6H, p-Ph-ArH), 53.28 (232, 
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18H, Si(CH3)3). IR: (SiCH3 sym) = 1245 cm-1; υ(P=O) = 1076 cm-1; (SiCH3 asym) = 838 cm-1. 
UV-Vis: λmax = 339 nm, ε = 2416 M-1cm-1. 
3) UO2(OTf)2(2,2’-bpy)2 
Synthesis of (Me3SiO)2U(OTf)2(2,2’-bpy)2 (29) A 20 mL scintillation vial was charged 
with UO2(OTf)2(2,2’bpy)2 (0.200 g, 0.237 mmol) and 10 mL THF and frozen. A separate 
vial was charged with two equivalents of NaCH2SiMe3 (0.052 g, 0.472 mmol) and 6 mL 
THF and frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the 
thawing white UO2(OTf)2(2,2’bpy)2 slurry resulting in an immediate colour change to 
dark brown. After 30 seconds of stirring, a THF solution (4 mL) of 
trimethylsilyltrifluoromethanesulfonate (0.086 mL, 0.475 mmol) was added and stirred 
60 min resulting in an orange solution. Volatiles were removed in vacuo. The product 
was extracted into dichloromethane, filtered over glass wool, and dried. The resulting 
orange solid was washed with n-pentane to afford orange powder (0.205 g, 0.207 mmol, 
87%) assigned as (Me3SiO)2U(OTf)2(2,2’-bpy)2 (29). Single, X-ray quality crystals were 
obtained from a concentrated THF/diethyl ether solution (3:1) at -35 °C. Elemental 
analysis of C28H34N4O8F6Si2S2U x 3(THF): Calculated, C, 38.64; H, 4.70; N, 4.51.  
Found, C, 38.97; H, 4.64; N, 4.55. For discussion of NMR spectroscopic data, see below. 
IR: υ(asym SO3) = 1327 cm-1; υ(asym CF3) = 1110 cm-1;  (sym SO3) = 635 cm-1; (asym CF3) = 576 
cm-1; (asym SO3) = 515 cm-1. 
4) [UO2(OPPh3)4][OTf]2 
Synthesis of (Me3SiO)2U(OTf)2(OPPh3)2 (26) A 20 mL scintillation vial was charged 
with [UO2(OPPh3)4][OTf]2 (0.100 g, 0.059 mmol) and 5 mL THF and frozen. A separate 
vial was charged with two equivalents of NaCH2SiMe3 (0.013 g, 0.118 mmol) and 3 mL 
THF and frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the 
thawing white [UO2(OPPh3)4][OTf]2 slurry resulting in an immediate colour change to 
light brown. After 30 seconds of stirring, a THF solution (2 mL) of 
trimethylsilyltrifluoromethanesulfonate (0.022 mL, 0.122 mmol) was added and stirred 
60 min resulting in a cloudy colourless-yellow slurry. Volatiles were removed in vacuo. 
The product was extracted into toluene, filtered over glass wool, and dried. The resulting 
solid was washed with n-pentane to afford off-white powder. Analysis of the powder by 
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1H NMR spectroscopy revealed only trace (Me3SiO)2U(OTf)2(OPPh3)2 (26). The reaction 
was repeated and the crude mixture was analyzed by 1H NMR spectroscopy. Integration 
against a ferrocene standard revealed 5% conversion to (Me3SiO)2U(OTf)2(OPPh3)2 (26). 
Silyl-halide Variation 
1) Me2PhSiCl 
Synthesis of (Me2PhSiO)2UCl2(OPPh3)2 (30) A 20 mL scintillation vial was charged 
with UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial 
was charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) and 3 mL THF 
and frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
white UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. 
After 30 seconds of stirring, a THF solution (2 mL) of chlorodimethylphenylsilane (0.037 
mL, 0.220 mmol) was added and stirred 60 min resulting in a translucent colourless 
solution. Volatiles were removed in vacuo. The product was extracted into 
dichloromethane, filtered over glass wool, and dried. The resulting solid was washed with 
n-pentane to afford white powder (0.106 g, 0.091 mmol, 82%) assigned as 
(Me2PhSiO)2UCl2(OPPh3)2 (30). Elemental analysis of C52H52O4P2Si2Cl2U: Calculated, 
C, 53.47; H, 4.49; N, 0.00.  Found, C, 53.83; H, 4.24; N, <0.02. 1H NMR (CDCl3, 300 
MHz, 25 °C) δ = -15.45 (479, 12H, o-OPPh3), 3.52 (218, 12H, m-OPPh3), 4.86 (158, 6H, 
p-OPPh3), 14.59 (217, 2H, p-SiPh), 16.09 (273, 4H, m-SiPh), 47.54 (657, 12H, SiMe2), 
48.95 (451, 4H, o-SiPh). IR: υ(P=O) = 1073 cm-1. UV-Vis: λmax = 329 nm, ε = 1245 M-1cm-
1. This complex is insoluble in toluene, benzene, and diethyl ether, and is poorly soluble 
in THF. 
2) MePh2SiCl 
Synthesis of (MePh2SiO)2UCl2(OPPh3)2 (31) A 20 mL scintillation vial was charged 
with UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial 
was charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) and 3 mL THF 
and frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
white UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. 
After 30 seconds of stirring, a THF solution (2 mL) of chloromethyldiphenylsilane (0.047 
mL, 0.224 mmol) was added and stirred 60 min resulting in a translucent colourless 
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solution. Volatiles were removed in vacuo. The product was extracted into toluene, 
filtered over glass wool, and dried. The resulting solid was washed with n-pentane to 
afford white powder (0.125 g, 0.097 mmol, 87%) assigned as (MePh2SiO)2UCl2(OPPh3)2 
(31). Elemental analysis of C62H56O4P2Si2Cl2U: Calculated, C, 57.61; H, 4.38; N, 0.00.  
Found, C, 56.74; H, 4.81; N, 0.00. 1H NMR (C6D6, 300 MHz, 25 °C) δ = -14.39 (50, 
12H, o-OPPh3), 3.28 (40, 12H, m-OPPh3), 4.39 (25, 6H, p-OPPh3), 13.12 (23, 4H, p-
SiPh2), 14.30 (24, 8H, m-SiPh2), 43.23 (47, 6H, SiCH3), 44.22 (53, 8H, o-SiPh2). IR: 
υ(P=O) = 1077 cm-1. UV-Vis: λmax = 328 nm, ε = 1411 M-1cm-1. 
3) Ph2HSiCl 
Synthesis of (Ph2HSiO)2UCl2(OPPh3)2 (32) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) and 3 mL THF and 
frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
white UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. 
After 30 seconds of stirring, a THF solution (2 mL) of chlorodiphenylsilane (0.044 mL, 
0.225 mmol) was added and stirred 60 min resulting in a translucent colourless solution. 
Volatiles were removed in vacuo. The product was extracted into toluene, filtered over 
glass wool, and dried. The resulting solid was washed with n-pentane to afford white 
powder (0.106 g, 0.084 mmol, 76%) assigned as (Ph2HSiO)2UCl2(OPPh3)2 (32). Single, 
X-ray quality crystals were obtained from a concentrated diethyl ether/THF solution at -
35 °C. These crystals were dried in vacuo and subjected to combustion analysis. 
Elemental analysis of C60H52O4P2Si2Cl2U·(C4H8O): Calculated, C, 57.52; H, 4.54; N, 
0.00.  Found, C, 57.57; H, 5.06; N, 0.00. 1H NMR (C6D6, 300 MHz, 25 °C) δ = -13.34 
(137, 12H, o-PPh3-ArH), 3.55 (81, 12H, m-PPh3-ArH), 4.63 (89, 6H, p-PPh3-ArH), 12.51 
(69, 4H, p-SiPh-ArH), 13.67 (74, 8H, m-SiPh-ArH), 40.87 (160, 8H, o-SiPh-ArH), 
107.35 (196, 2H, SiH). IR: υ(P=O) = 1072 cm-1; υ(Si-H) = 2102 cm-1. UV-Vis: λmax = 322 
nm, ε = 1321 M-1cm-1. 
4) Ph3SiCl 
Synthesis of (Ph3SiO)2UCl2(OPPh3)2 (24) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
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charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) and 3 mL THF and 
frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
white UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. 
After 30 seconds of stirring, a THF solution (2 mL) of chlorotriphenylsilane (0.066 g, 
0.224 mmol) was added and stirred 60 min resulting in a colourless slurry. Volatiles were 
removed in vacuo. The product was extracted into dichloromethane, filtered over glass 
wool, and dried. The resulting solid was washed with n-pentane to afford brown powder 
containing (Ph3SiO)2UCl2(OPPh3)2 (24) as determined by 1H NMR spectroscopy. Due to 
the inability to separate (Ph3SiO)2UCl2(OPPh3)2 from impurities, the yield (63%) was 
determined by 1H NMR spectroscopy by integrating against a ferrocene standard.  
5) iPr3SiCl 
Attempted Synthesis of (iPr3SiO)2UCl2(OPPh3)2 A 20 mL scintillation vial was 
charged with UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A 
separate vial was charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) 
and 3 mL THF and frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise 
to the thawing white UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to 
light brown. After 30 seconds of stirring, a THF solution (2 mL) of triisopropylsilyl 
chloride (0.048 mL, 0.224 mmol) was added and stirred 60 min resulting in a cloudy 
brown solution. Volatiles were removed in vacuo. Extracting into toluene, filteration over 
glass wool, and drying afforded a light brown powder. Analysis of the powder by 1H 
NMR spectroscopy revealed neither any evidence of (iPr3SiO)2UCl2(OPPh3)2 nor any 
other paramagnetically shifted resonances. 
6) Me3SiSPh 
Synthesis of (Me3SiO)2U(SPh)(OPPh3)2 (25) A 20 mL scintillation vial was charged 
with UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial 
was charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) and 3 mL THF 
and frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
white UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. 
After 30 seconds of stirring, a THF solution (2 mL) of trimethyl(phenylthio)silane (0.042 
mL, 0.222 mmol) was added and stirred 60 min resulting in a translucent yellow solution. 
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Volatiles were removed in vacuo. The product was extracted into toluene, filtered over 
glass wool, and dried. The resulting solid was washed with n-pentane to afford yellow 
powder (0.105 g, 0.088 mmol, 80%) identified as (Me3SiO)2U(SPh)2(OPPh3)2 (25) by 1H 
NMR spectroscopy.  
7) Et3SiCl 
Synthesis of (Et3SiO)2UCl2(OPPh3)2 (33) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) and 3 mL THF and 
frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
white UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. 
After 30 seconds of stirring, a THF solution (2 mL) of chlorotriethylsilane (0.037 mL, 
0.223 mmol) was added and stirred 60 min resulting in a translucent light yellow-brown 
solution. Volatiles were removed in vacuo. The product was extracted into toluene, 
filtered over glass wool, and dried. The resulting solid was washed with n-pentane to 
afford off-white powder (0.090 g, 0.080 mmol, 72%) assigned as (Et3SiO)2UCl2(OPPh3)2 
(33). Single, X-ray quality crystals were obtained from a concentrated diethyl ether 
solution at -35 °C. Elemental analysis of C48H60O4P2Si2Cl2U: Calculated, C, 52.55; H, 
5.51; N, 0.00.  Found, C, 52.82; H, 5.79; N, <0.02. 1H NMR (C6D6, 300 MHz, 25 °C) δ = 
-18.17 (344, 12H, o-PPh3-ArH), 2.19 (93, 12H, m-PPh3-ArH), 4.08 (75, 6H, p-PPh3-
ArH), 28.30 (398, 18H, SiCH2CH3), 52.54 (592, 12H, SiCH2CH3). IR: υ(P=O) = 1079 cm-1. 
UV-Vis: λmax = 332 nm, ε = 717 M-1cm-1. 
8) Me2SiCl2 
Synthesis of (Ph3PO)2UCl4 (27-Cl) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) and 3 mL THF and 
frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
white UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. 
After 30 seconds of stirring, a THF solution (2 mL) of dichlorodimethylsilane (0.027 mL, 
0.224 mmol) was added resulting in a translucent light green solution after ca. 10 min 
with a white precipitate forming after about an hour. The reaction was stirred for 4 hr and 
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volatiles were removed in vacuo. The product was extracted into dichloromethane, 
filtered over glass wool, and dried. The resulting solid was washed with 20 mL toluene to 
afford off-white powder (0.094 g, 0.100 mmol, 90%) identified as (Ph3PO)2UCl4 (27-Cl) 
by 1H NMR, infrared spectroscopy, and single crystal X-ray diffraction. Single crystals of 
(Ph3PO)2UCl4 (27-Cl) were obtained from a dilute toluene/n-pentane solution of the 
material stored at room temperature. Organic byproducts observed by GC/MS include 
Me3SiCH2CH2SiMe3, hexamethylcyclotrisiloxane, octamethylcyclotetrasiloxane, 
decamethylcyclopentasiloxane, and dodecamethylcyclohexasiloxane. The 
hexamethylcyclotrisiloxane, octamethylcyclotetrasiloxane, 
decamethylcyclopentasiloxane, and dodecamethylcyclohexasiloxane are observed in a 
1.00 : 0.62 : 0.08 : 0.02 ratio. 
9) SiCl4 
Synthesis of (Ph3PO)2UCl4 (27-Cl) A 20 mL scintillation vial was charged with 
UO2Cl2(OPPh3)2 (0.100 g, 0.111 mmol) and 5 mL THF and frozen. A separate vial was 
charged with two equivalents of NaCH2SiMe3 (0.025 g, 0.227 mmol) and 3 mL THF and 
frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise to the thawing 
white UO2Cl2(OPPh3)2 slurry resulting in an immediate colour change to light brown. 
After 30 seconds of stirring, a THF solution (2 mL) of silicon tetrachloride (0.013 mL, 
0.113 mmol) was added resulting in a translucent light green solution after ca. 10 min 
with a white precipitate forming after about an hour. The reaction was stirred for 6 hr and 
volatiles were removed in vacuo. The product was extracted into dichloromethane, 
filtered over glass wool, and dried. The resulting solid was washed with 20 mL toluene to 
afford off-white powder (0.089 g, 0.095 mmol, 85%) identified as (Ph3PO)2UCl4 (27-Cl) 
by 1H NMR and infrared spectroscopy. The byproduct, SiO2, was identified by infrared 
spectroscopy.  
Identification of Mixed Halide Species 
Synthesis of (Ph2MeSiO)2U(X)(X’)(OPPh3)2 (X, X’ = Cl, I) A 20 mL scintillation vial 
was charged with UO2I2(OPPh3)2 (0.100 g, 0.093 mmol) and 5 mL THF and frozen. A 
separate vial was charged with two equivalents of NaCH2SiMe3 (0.021 g, 0.191 mmol) 
and 3 mL THF and frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise 
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to the thawing orange UO2I2(OPPh3)2 slurry resulting in an immediate colour change to 
light brown. After 30 seconds of stirring, a THF solution (2 mL) of 
chloromethyldiphenylsilane (0.039 mL, 0.185 mmol) was added and stirred 60 min 
resulting in a translucent yellow solution. Volatiles were removed in vacuo. The product 
was extracted into toluene, filtered over glass wool, and dried. The resulting solid was 
washed with n-pentane to afford off-white powder (0.112 g).  
Synthesis of (Me3SiO)2U(X)(X’)(OPPh3)2 (X, X’ = Br, I) A 20 mL scintillation vial 
was charged with UO2I2(OPPh3)2 (0.100 g, 0.093 mmol) and 5 mL THF and frozen. A 
separate vial was charged with two equivalents of NaCH2SiMe3 (0.021 g, 0.191 mmol) 
and 3 mL THF and frozen. Upon thawing, the NaCH2SiMe3 solution was added dropwise 
to the thawing orange UO2I2(OPPh3)2 slurry resulting in an immediate colour change to 
light brown. After 30 seconds of stirring, a THF solution (2 mL) of bromotrimethylsilane 
(0.025 mL, 0.189 mmol) was added and stirred 60 min resulting in a translucent faint 
yellow solution. Volatiles were removed in vacuo. The product was extracted into 
toluene, filtered over glass wool, and dried. The resulting solid was washed with n-
pentane to afford off-white powder (0.094 g).  
 
 
4.4. Results and Discussion 
 Our initial studies were aimed at establishing general reaction conditions for 
uranyl reductive silylation. Treating a thawing THF slurry of UO2Cl2(OPPh3)2 with 
NaCH2SiMe3 caused an immediate colour change from yellow to light brown. After ca. 
30 seconds of stirring, two equivalents of Me3SiCl were added, and the solution was 
warmed to room temperature, resulting in a bleaching of the solution, affording 
(Me3SiO)2UCl2(OPPh3)2  (23) (Scheme 4.2) as determined by 1H NMR spectroscopy and 
X-ray crystallography (Figure 4.1; Table 4.3). 23 adopts a psuedo-octahedral geometry 
with cis-chlorides (94.71(3)°), comparable to the structure of cis-(Ph3PO)2UCl4,[23] but 
dissimilar to its heavier halide analogues. Consistent with the instability described by 
Seyam, addition of Me3SiCl to the uranyl/metalalkyl mixture after greater than 30 




Scheme 4.2 Reductive silylation of UO2Cl2(OPPh3)2 to form 23 
 
 A screen of commonly available alkylating reagents demonstrated that similar 
yields of 2 were obtained for MCH2SiMe3 (M = Li, Na, K), nBuLi, and KCH2Ph. For 
nBuLi, NaCH2SiMe3, and KCH2C6H5, the reductive elimination products (C8H18, 
Me3SiCH2CH2SiMe3, and PhCH2CH2Ph, respectively) were observed by 1H NMR 
spectroscopy and/or GC/MS. Crossover experiments suggested a radical pathway (see 
Supporting Information). Formation of 2 was not observed when NaBHEt3 or MeMgX 
(X = Cl, Br) were used. Overall, MCH2SiMe3 reagents generally afforded the cleanest 
reaction. To facilitate salt separation, NaCH2SiMe3 was employed for subsequent work 








Figure 4.1 Molecular structures of 23 (left) and (Ph3PO)2UCl4 (27-Cl) (right) displayed 
with 30% probability ellipsoids. Phenyl substituents (left), hydrogen atoms, and co-
crystallized solvent molecules have been omitted for clarity.  
 
 








Me3Si-Cl 73 Cl 
Et3Si-Cl 72 Cl 
Me2PhSi-Cl 82 Cl 
MePh2Si-Cl 87 Cl 
Ph2HSi-Cl 76 Cl 
Ph3Si-Cl 63[a] Cl 
iPr3Si-Cl 0 Cl 
Me3Si-SPh 80 SPh 




 While other systems capable of reductive silylation have been hampered by 
limited substrate scopes, in situ alkylation of the uranyl allows for a wide variety of silyl 
reagents (Table 4.1), including R3Si-Cl reagents where R = Me, Et, Ph or H. Treatment of 
UO2Cl2(OPPh3)2 with two equivalents of NaCH2SiMe3 followed by two equivalents of 
R3Si-Cl (R3 = Me3; Et3; Me2Ph; MePh2; Ph2H) cleanly generates (R3SiO)2UCl2(OPPh3)2 
in high yields after work up. As for other reductive silylation systems, bulky silyl-halides 
do not produce clean reactions. For example, although Ph3Si-Cl proceeds with 
respectable silylated yields, it does so more slowly with unidentified and inseparable 
byproducts, as previously noted.[15, 23] Not surprisingly, the most sterically encumbered 
reagent, iPr3Si-Cl, does not reductively silylate, consistent with the inability of the oxo 
moiety to perform nucleophilic attack on the protected silicon atom.[24] In the case of 
Me3Si-SPh, the bis(thiophenolate) species, (Me3SiO)2U(SPh)2(OPPh3)2 (25), is formed 
without anion metathesis (vide infra). Significantly, using two equivalents of Me2SiCl2, 
full oxo-cleavage of 1 is achieved, forming (Ph3PO)2UCl4 (27-Cl) (confirmed by X-ray 
crystallography; Figure 4.1, Table 4.3) presumably via β-chloride elimination from 
(ClMe2SiO)2UCl2(OPPh3)2 (Scheme 4.3) with extrusion of cyclic (Me2SiO)n (n = 3, 4, 5, 
6). Further, under similar conditions, use of a single equivalent of SiCl4 affords 27-Cl in 
high yields with expulsion of amorphous SiO2 (identified by IR spectroscopy). The 
uranium product, 27-Cl, was confirmed by comparison of infrared (Figure 4.4) and 1H 







Scheme 4.3 Synthesis of 27-Cl directly from UO2Cl2(OPPh3)2 
 
 In an attempt to observe intermediates in the direct conversion of 
UO2Cl2(OPPh3)2 to 27-Cl with Me2SiCl2, aliquots were taken at select time points of a 
typical reaction as described above. Each aliquot consisted of approximately 1.5 mL of 
solution and the time denotes when the vacuum was applied to remove volatiles in vacuo. 
Time points were taken at 5, 15, 30, 60, and 210 min. When dried, the products were 
extracted into CDCl3, filtered over glass wool into a J. Young NMR tube, and examined 
by 1H NMR spectroscopy. Figure 4.2 denotes the diamagnetic region while Figure 4.3 is 
focused on the furthest downfield resonances. Samples were of approximately the same 
concentration and collected under analogous conditions, so each were normalized to the 




Figure 4.2 Stacked 1H NMR spectrum (CDCl3, ambient temperature) emphasizing the 
diamagnetic region of time points monitoring the reaction progress to form 27-Cl from 




Figure 4.3 Stacked 1H NMR spectrum (CDCl3, ambient temperature) emphasizing the 
most downfield resonances of time points monitoring the reaction progress to form 27-Cl 




 In the diamagnetic region (Figure 4.2), resonances attributable to the product, 27-
Cl, gradually emerge as the reaction proceeds at ca. 9.45 and 7.79 ppm. In the region 
between 0.0-0.75 ppm, resonances attributed to Si-CH3 protons gradually emerge 
consistent with expulsion of Me2Si=O and formation of cyclo-adducts 
hexamethylcyclotrisiloxane, octamethylcyclotetrasiloxane, 
decamethylcyclopentasiloxane, and dodecamethylcyclohexasiloxane. These species were 




Figure 4.4 Infrared spectra (KBr) of 27-Cl. Top: 27-Cl from the synthesis of uranium 
tetrachloride with two equivalents of triphenylphosphine oxide. Bottom: 27-Cl from the 
synthesis of UO2Cl2(OPPh3)2 with NaCH2SiMe3 (two equivalents) and silicon 






Figure 4.5 1H NMR (CD2Cl2, ambient temperature) of 27-Cl. Top: 27-Cl from the 
synthesis of uranium tetrachloride with two equivalents of triphenylphosphine oxide. 
Bottom: 27-Cl from the synthesis of UO2Cl2(OPPh3)2 with NaCH2SiMe3 (two 




 In the paramagnetic region (Figure 4.3), we have focused on the further downfield 
shifted resonances. Resonances attributable to the –OSiR3 moieties of species of the type 
(R3SiO)2UX2(OPPh3)2 are routinely the most downfield shifted. At the first time point (t 
= 5 min), the region between 31 and 42 ppm shows multiple products. These multiple 
species can be attributed perhaps to only mono-silylation, double silylation, or potentially 
uranium(V) species; however, their identity remains unclear. After ca. 15 min, these 
resonances coalesce into a single resonance near 32 ppm which we believe is assignable 
to the –OSi(CH3)2Cl resonances of (Me2ClSiO)2UCl2(OPPh3)2. This resonance persists 
and reaches a maximum near 30 min, then gradually decreases. Concomitant with this 
decrease is the emergence of more resonances slightly downfield which we attribute to 
species arising from the onset of β-chloride elimination. 
 Though Lewis base adducts of uranyl chloride are among the most commonly 
employed starting materials, we sought to extend this reductive silylation strategy to 
other uranyls to show its generality (Table 4.2). Reductive silylation of [UO2X2(OPPh3)2] 
(X = Br, I) proceeds in high yields, generating [(Me3SiO)2UX2(OPPh3)2]. We noted that 
if the halide of the silyl reagent employed is different than that of the uranyl salt, halide 
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scrambling is observed due to back-reaction of the NaX byproduct. For example, 
reductive silylation of [UO2I2(OPPh3)2] with Me3Si-Br results in an inseparable mixture 
of [(Me3SiO)UIxBry(OPPh3)2] (x + y = 2) (characterization of mixed-halide species in 
Supporting Information). To cease “X” ligand scrambling, the silyl halide employed was 
matched to that of the uranyl. Judicious solvent choice is also important; deleterious 
reductive ring opening of THF, detected by formation of I(CH2)4OSiMe3, was halted in 
the reductive silylation of [UO2I2(OPPh3)2] using 1,4-dioxane.  
 
 





UO2I2(OPPh3)2 80a I 
UO2Cl2(OPPh3)2 73 Cl 
UO2Br2(OPPh3)2 75 Br 
UO2(OTf)2(2,2’-bpy)2 87 OTf 
[UO2(OPPh3)4][OTf]2 5b OTf 
[a] Reaction in 1,4-dioxane [b]Yield determined by 







Figure 4.6 Molecular structure of (Ph2MeSiO)2UI(X)(OPPh3)2 displayed with 30% 
probability ellipsoids. Hydrogen atoms and cocrystallized THF molecules have been 




 When the silyl-halide and uranyl-halide were not matched, halide ligand 
scrambling was observed by back-reaction of the salt byproduct with the uranium 
species. For example, the reductive silylation of UO2I2(OPPh3)2 with MePh2SiCl 
produces (MePh2SiO)2UX2(OPPh3)2 (X = I and/or Cl). Investigation of this product by 1H 
NMR spectroscopy revealed a mixture of similarly shifted products. To discern between 
a potential cis/trans isomers, or products arising from halide switching, single X-ray 
quality crystals obtained from a concentrated THF/diethyl ether (3:1) solution at -35 °C 
were analyzed. Refinement of the data revealed a uranium trans-siloxide compound with 
trans-dihalides. One of the iodine anion positions is occupied partially by chlorine. The 
position of the iodine and chlorine anions is very similar, but in the presence of chlorine 
the uranium cation slips slightly towards the halogen position. The uranium and halogen 
disorder were refined with a common occupancy ratio, and ADPs of both uranium atoms 
and of the two halogen atoms were each constrained to be identical. Subject to these 
conditions, the occupancy ratio refined to 0.7727(14) to 0.2273(14) in favor of iodine. 
The second iodine atom shows no signs of disorder. These data are consistent with halide 
switching by the byproduct, NaI, during the reaction. Their separate molecular structures 




Figure 4.7 Molecular structure of (Me3SiO)2UX2(OPPh3)2 displayed with 30% 
probability ellipsoids. Hydrogen atoms and cocrystallized THF molecules have been 




 Similar results were obtained by the reductive silylation of uranyl iodide with 
Me3SiBr to produce (Me3SiO)2UX2(OPPh3)2 (X = Br and/or I). Investigation of the 
product by 1H NMR spectroscopy revealed a mixture of similarly shifted products. 
Again, to discern between a potential cis/trans isomers ((Me3SiO)2UI2(OPPh3)2 is trans, 
whereas (Me3SiO)2UCl2(OPPh3)2 was found to be cis) , or products arising from halide 
switching (as in the case of (Ph2MeSiO)2U(X)(X’)(OPPh3)2), single X-ray quality 
crystals obtained from a concentrated diethyl ether/THF solution (5:1) at -35 °C were 
analyzed. Refinement of the data revealed a uranium trans-siloxide compound with 
trans-dihalides, each moiety related by an inversion centre. The halogen site was refined 
as occupied by a mixture of iodine and bromine. The two halogen atoms were 
constrained to have identical ADPs. Subject to this condition, the occupancy ratio refined 
to 0.556(5) to 0.444(5) in favor of iodine. These observations are consistent with halide 
switching by the byproduct, NaI, during the reaction. Their separate molecular structures 
are displayed in Figure 4.7. The halide switching was probed by 1H NMR spectroscopy. 
Addition of two equivalents of sodium iodide to pure (Me3SiO)2UBr2(OPPh3)2 shows 





Figure 4.8 1H NMR (C6D6, 25 °C) spectra of the addition of two equivalents of NaI to a 
THF solution of pure (Me3SiO)2UBr2(OPPh3)2 at various time points. In the figure, 
(Me3SiO)2UBr2(OPPh3)2 is denoted by “Br2”, (Me3SiO)2U(Br)(I)(OPPh3)2 by “Br/I”, and 
(Me3SiO)2UI2(OPPh3)2 by “I2”. 
 
 Surprisingly, attempts at reductive silylation of [UO2(OPPh3)4][OTf]2 have been 
unsuccessful under this protocol, with only trace (Me3SiO)2U(OTf)2(OPPh3)2 (26) 
observed by 1H NMR spectroscopy, despite success by Hayton with similar species.[25] 
This is notable since reductive silylation of UO2(OTf)2(2,2’-bpy)2 (2,2’-bpy = 2,2’-
bipyridyl)[26] proceeds to give (Me3SiO)2U(OTf)2(2,2’-bpy)2 (29) in high yields, 
suggesting triflate is not an inherently poor anion choice. Rather, we hypothesized the 
decreased reactivity of [UO2(OPPh3)4][OTf]2 towards reductive silylation stemmed from 
its high reduction potential. Since pentavalent uranyl, UO2+, has heightened Lewis 
basicity as compared to its oxidized counterpart, it is often invoked as a key intermediate 
in such processes. As a consequence, a UO2+ moiety should display increased reactivity 
toward electrophilic silanes. Electrochemical analysis of UO2(OTf)2(2,2’-bpy)2 displayed 
a single electron reduction at -2.108 V vs. Fc/Fc+, but no redox events were observed for 
[UO2(OPPh3)4][OTf]2 in the experimental window (MeCN, 0.1 M [Bu4N][OTf]). This 
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result is consistent with the findings of Ephritikhine,[27] but contrasts that of Duval who 
reports an irreversible wave (0.1 M [Bu4N][PF6]).[8] These data highlight initial reduction 
to uranium(V) is essential for facile reductive silylation. For this work, the first 
equivalent of NaCH2SiMe3 is likely responsible for the UO22+/UO2+ reduction, as was 
previously noted by Ephritikhine for the reduction of UO2OTf2 with LiCH2SiMe3.[28] 
 
Table 4.3 Experimentally determined bond distances and angles 
Bond (Å) or 
Angle (°) 
(R3SiO)2UX2(L)2 
R3 = Me3 
X = Cl 
L = OPPh3 
(R3SiO)2UX2(L)2 
R3 = Ph2H 
X = Cl 
L = OPPh3 
(R3SiO)2UX2(L)2 
R3 = Me3 
X = OTf 
L = 2,2’-bpy 
(R3SiO)2UX2(L)2 
R3 = Et3 
X = Cl 
L = OPPh3 
(L)2UX4 
 
X = Cl 
L = OPPh3 
U1-O1 2.1267(18) 2.120(5) 2.115(13) 2.107(2) 2.230(11) 
U1-O2 2.1042(18) 2.138(5) 2.160(12) 2.108(2) 2.258(10) 
U1-O3 2.3620(17) 2.299(5) 2.444(11) 2.3509(19) -- 
U1-O4 2.3728(17) 2.287(5) 2.420(11) 2.356(2) -- 
U1-Cl1 2.6800(7) 2.6808(19) -- 2.6795(8) 2.620(5) 
U1-Cl2 2.6585(8) 2.684(2) -- 2.6659(8) 2.633(4) 
U1-Cl3 -- -- -- -- 2.584(5) 
U1-Cl4 -- -- -- -- 2.626(4) 
U1-N1 -- -- 2.662(15)  -- 
U1-N2 -- -- 2.679(16)  -- 
U1-N3 -- -- 2.662(15)  -- 
U1-N4 -- -- 2.621(15)  -- 
O1-U1-O2 173.56(7) 177.4(2) 155.5(5) 174.56(9) 178.6(4) 
X1-U-X2 94.71(3) 175.17(7) 153.3(4) 94.47(3) 89.21(13) 
 
 
 To probe the plausibility of a uranium(V) reaction pathway for the reductive 
silylation of UO22+, the pentavalent intermediate was generated in situ, and its reactivity 
was tested. Rather than using the standard alkylation procedure, reduction of 
UO2Cl2(OPPh3)2 was performed first with one equivalent of KC8, followed by stirring for 
one hour. This generated the pentavalent uranyl intermediate, “UO2Cl(OPPh3)2”, which 
was then alkylated with NaCH2SiMe3 and reductively silylated with Me3SiCl to cleanly 
afford 23 (64%) (Scheme 4.4, bottom). Complete replacement of the alkylating agent by 
heterogeneous reductant (two equivalents of KC8) also produced 23, albeit in 




 Scheme 4.4 Experiments to probe the plausibility of a uranium(V) intermediate 
 
 
 Performing the alkylation and silylation of UO2Cl2(OPPh3)2 with only a single 
equivalent each of NaCH2SiMe3 and Me3SiCl affords 23 in 44% yield as well as starting 
material, UO2Cl2(OPPh3)2 (32% yield), as confirmed by IR spectroscopy (Scheme 4.4, 
middle). While this may suggest that only one-half of the starting material is converted in 
the reaction, it is also plausible that all of 1 is reduced, and upon silylation, forms a 
putative mono-silylated species, (Me3SiO)UOCl2(OPPh3)2. This species can rapidly 
disproportionate via oxo ligand scrambling[29] or silyl radical transfer[30] to form half an 
equivalent each of UO2Cl2(OPPh3)2 and 23. Silylation of a single oxo moiety of uranyl to 
generate an intermediate uranium oxo-siloxide has previously been proposed by our 
lab[20] and others,[17] and has been elegantly captured through the use of polypyrrolic 




Figure 4.9 Variable temperature 1H NMR spectra (CDCl3) of (Me3SiO)2U(OTf)2(2,2’-




 Spectroscopically, the products of reductive silylation share similar features. For 
each complex, 1H NMR spectroscopic analysis revealed the trans-OSiR3 resonances were 
always the most downfield shifted with the Ph2HSi- proton of (Ph2HSiO)2UCl2(OPPh3)2 
(32) the most affected (107.35 ppm, C6D6). The resonances for ligands in the equatorial 
plane (OPPh3 or 2,2’-bpy) are the most upfield shifted and consistent with data for 
similar compounds.[15] Complex 29 displays fluxionality in the 1H NMR spectrum at 
room temperature that is attributed to facile replacement of a triflate anion with THF on 
the NMR timescale (Figure 4.9). For all of the complexes, neither 29Si nor 31P resonances 
were observed under our experimental conditions. By IR spectroscopy, complexes 
bearing OPPh3 showed P=O stretches consistent with other uranium complexes bound by 
phosphine oxides (υ(P=O): 1077-1073 cm-1), regardless of oxidation state.[31] The 
electronic absorption spectra of the silylated species all display sharp, weakly intense 
transitions in the near IR region consistent with the uranium(IV) oxidation state (Figure 
4.10). The halide species all display UV absorptions with the energy of this transition 
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Figure 4.10 Electronic absorption spectra of 28 (red), 30 (green), 31 (blue), 32 (purple), 29 
(orange), and 33 (black) recorded in THF at ambient temperature. Solvent overtones from 




 Single crystal X-ray diffraction studies of [(Et3SiO)2UCl2(OPPh3)2] (33), 32, and 
29 were performed to establish their molecular structures (Figure 4.11, Table 4.3). All 
complexes possess trans-siloxide ligands (U-OSiR3 = 2.09-2.19 Å) that are significantly 
elongated from their uranyl counterparts,[26, 31] but are on par with other uranium(IV) 
siloxide derivatives.[32] Not uncharacteristic of the poor binding capabilities of triflates, 
the neutral phosphine oxide ligands of 32 (U-OPPh3(ave) = 2.29 Å) bind the uranium 
significantly stronger than the triflates of 29 (U-OTf(ave) = 2.43 Å). The siloxide ligands 
of eight coordinate 29 deviate the most from linearity (O1-U-O2 = 155.5(5)°); however, 
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Figure 4.11 Molecular structures of 33 (left), 32 (middle), and 29 (right) displayed with 
30% probability ellipsoids. Selected phenyl substituents and hydrogen atoms have been 
omitted for clarity as well as cocrystallized solvent molecules. 
 
4.5. Conclusion 
 In summary, we have described a general methodology for the stoichiometric 
reductive silylation of common uranyl starting materials. This process employs 
commercially available alkylating reagents for the in situ formation of uranyl alkyl 
complexes. These elusive species show unprecedented reactivity toward silyl halides to 
form uranium(IV) disiloxides in high yields. These preliminary studies suggest a transient 
uranium(V) alkyl complex is rapidly silylated. Future work will be aimed at examining 
the role uranium(V) plays in reductive silylation as well as at extending this protocol to 
other sources of electrophiles. 
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ABSTRACT: A family of cyclopentadienyl uranium complexes supported by
the redox-active pyridine(diimine) ligand, MesPDIMe (MesPDIMe = 2,6-
((Mes)NCMe)2-C5H3N, Mes = 2,4,6-trimethylphenyl), has been synthe-
sized. Using either Cp* or CpP (Cp* = 1,2,3,4,5-pentamethylcyclopentadie-
nide, CpP = 1-(7,7-dimethylbenzyl)cyclopentadienide), uranium complexes of
the type CpXUI2(
MesPDIMe) (1-CpX; X = * or P), CpXUI(MesPDIMe) (2-CpX),
and CpXU(MesPDIMe)(THF)n (3-Cp
X; *, n = 1; P, n = 0) were isolated and
characterized. The series was generated via ligand centered reduction events;
thus the extent of MesPDIMe reduction varies in each case, but the uranium(IV)
oxidation state is maintained. Treating 2-CpX, which has a doubly reduced
MesPDIMe, with furfural results in radical coupling between the substrate and
MesPDIMe, leading to C−C bond formation to form CpXUI(MesPDIMe-
CHOC4H3O) (4-Cp
X). Exposure of 3-Cp* and 3-CpP, which contain a triply
reduced MesPDIMe ligand, to benzaldehyde and benzophenone, respectively, results in the corresponding pinacolate complexes
Cp*U(O2C2Ph2H2)(
MesPDIMe) (5-Cp*) and CpPU(O2C2Ph4)(MesPDIMe) (5-CpP). The reducing equivalents required for this
coupling are derived solely from the redox-active ligand, rather than the uranium center. Complexes 1−5 have been characterized
by 1H NMR and electronic absorption spectroscopies, and SQUID magnetometry was employed to confirm the mono(anionic)
[MesPDIMe]− ligand in 1-CpP and 5-CpP. Structural parameters of complexes 1-CpP, 2-CpX, 4-Cp*, and 5-CpX have been
elucidated by X-ray crystallography.
■ INTRODUCTION
Among the first organouranium complexes reported were those




3 Since that time, the field of organoactinide
chemistry has been dominated by variations of these frame-
works, with a particular emphasis on the bulky permethylated
derivative, 1,2,3,4,5-pentamethylcyclopentadienide (Cp*).4−12
The bis(Cp*) metallocene framework supports uranium
compounds in varying oxidation states13−17 and provides steric
protection to eliminate unwanted side reactions while focusing
desired reactivity at the metallocene wedge.
By comparison, significantly fewer studies focus on the piano
stool variation for uranium compounds. Using a single Cp ring
provides the desired steric protection at one face of uranium,
while facilitating easy steric and electronic tuning at vacant
coordination sites by introducing non-Cp-based ligands.
Because cyclopentadienyl ligands offer little in the way of
redox flexibility, incorporation of redox-active ligands at these
positions can promote multielectron chemistry in addition to
easier tunability. This was recently demonstrated by Evans with
the synthesis of the family of Cp* uranium dimers that feature a
bridging, two-electron reduced benzene ring, [Cp*(Y)U]2(μ-
η6:η6-C6H6) (Y = −OAr (OAr = 2,6-bis(tert-butyl)-4-
methylphenolate), −CH(SiMe3)2, −N(SiMe3)2, iPrNC(Me)-
NiPr).18 These complexes act as four electron reductants
toward small molecules, such as cyclooctatetraene or
azidoadamantane, forming the corresponding uranium(VI)
products.
Recently, we adapted this strategy with the report of the
synthesis and characterization of Cp*U(MesPDIMe)(THF) (3-
Cp*), which has a trianionic [MesPDIMe]3− ligand.19 The three
reducing equivalents stored in the pyridine(diimine) ligand,
plus one from uranium, can be used for the four-electron N
N double bond cleavage of azobenzene to produce the
uranium(V) bis(imido) Cp*U(MesPDIMe)(NPh)2, which has a
neutral [MesPDIMe]0. On the basis of the success of 3-Cp* for
bond activation reactions, additional reduced species were
targeted to determine if a family with differing steric and
electronic properties of the Cp ring could be generated. Herein,
we report the sequential reduction of two series of uranium
complexes bearing cyclopentadienyl ancillary ligands and a
redox-active pyridine(diimine). Exposure of these species to
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both aldehydes and ketones results in either ligand or pinacol
radical coupling from ligand-based oxidation events.
■ EXPERIMENTAL SECTION
General Considerations. All air- and moisture-sensitive manip-
ulations were performed using standard Schlenk techniques or in an
MBraun inert atmosphere drybox with an atmosphere of purified
nitrogen. The MBraun drybox was equipped with a cold well designed
for freezing samples in liquid nitrogen as well as two −35 °C freezers
for cooling samples and crystallizations. Solvents for sensitive
manipulations were dried and deoxygenated using literature
procedures with a Seca solvent purification system.20 Benzene-d6 was
purchased from Cambridge Isotope Laboratories, dried with molecular
sieves and sodium, and degassed in three freeze−pump−thaw cycles. A
1.0 M solution of sodium triethylborohydride in toluene was
purchased from Sigma-Aldrich and used as received. Benzophenone
was purchased from Sigma-Aldrich and recrystallized from dry diethyl
ether prior to use. Benzaldehyde and furfural were purchased from






24 and MesPDIMe (MesPDIMe = 2,6-((Mes)NCMe)2-
C5H3N)
25 were prepared according to literature procedures.
1H NMR spectra were recorded on a Varian Inova 300
spectrometer operating at 299.992 MHz. All chemical shifts are
reported relative to the peak for SiMe4, using
1H (residual) chemical
shifts of the solvent as a secondary standard. The spectra for
paramagnetic molecules were obtained by using an acquisition time of
0.5 s; thus the peak widths reported have an error of ±2 Hz. For
paramagnetic molecules, the 1H NMR data are reported with the
chemical shift, followed by the peak width at half height in hertz, the
integration value, and, where possible, the peak assignment. Elemental
analyses were performed by Midwest Microlab, LLC, Indianapolis,
Indiana (CpP3U, Cp
PUI2(THF)3, 1-Cp
P, 5-CpP) and Complete
Analysis Laboratories, Inc., Parsippany, New Jersey (2-CpP, 3-CpP,
1-Cp*, 2-Cp*, 4-CpP, 4-Cp*, 5-Cp*). Electronic absorption
spectroscopic measurements were recorded at 294 K in sealed 1 cm
quartz cuvettes with a Jasco V-6700 spectrophotometer.
Single crystals of 2-Cp* suitable for X-ray diffraction were coated
with poly(isobutylene) oil in a glovebox and quickly transferred to the
goniometer head of a Nonius KappaCCD image plate diffractometer
equipped with a graphite crystal, incident beam monochromator.
Preliminary examination and data collection were performed with Mo
Kα radiation (λ = 0.71073 Å). Single crystals of CpP3U,
CpPUI2(THF)3, 1-Cp
P, 2-CpP, 4-Cp*, 5-CpP, and 5-Cp* suitable
for X-ray diffraction were coated with poly(isobutylene) oil in a
glovebox and quickly transferred to the goniometer head of a Rigaku
Rapid II image plate diffractometer equipped with a MicroMax002+
high intensity copper X-ray source with confocal optics. Preliminary
examination and data collection were performed with Cu Kα radiation
(λ = 1.54184 Å). Cell constants for data collection were obtained from
least-squares refinement. The space group was identified using the
program XPREP.26 The structures were solved using the structure
solution program PATTY in DIRDIF99.27 Refinement was performed
on a LINUX PC using SHELX-97.26
Magnetic susceptibility (dc) data were collected on compounds 1-
CpP and 5-CpP with a Quantum Design MPMS-XL SQUID
magnetometer in the temperature range 5−300 K at an applied field
of 1000 Oe. Powdered microcrystalline samples were loaded into
gelatin capsules in the glovebox, inserted into a straw, and transported
to the SQUID magnetometer under dinitrogen. The absence of
significant ferromagnetic impurities was confirmed for each sample by
observing a linear relationship between magnetization and applied field
(0.1−0.7 T) at 100 K (Figure S1). Susceptibility data reproducibility
was probed by analyzing several independently synthesized solid
samples: the air-sensitivity of the samples results in slight variation of
the room temperature μeff values, but the qualitative temperature
dependences of the data are reproducible (Figure S2). Data for
representative samples are presented in Figure 6 and discussed in the
text; the identical data presented as the thermal dependence of χMT
(cgs units) can be found in Figure S3. Data were corrected for the
magnetization of the sample holder by subtracting the susceptibility of
an empty container and for diamagnetic contributions of the sample by
using Pascal’s constants.28
Synthesis of Cp*UI2(MesPDIMe) (1-Cp*). A 20 mL scintillation
vial was charged with 0.788 g (0.934 mmol) of Cp*UI2(THF)3 and 5
mL of toluene. While stirring, 0.372 g (0.935 mmol) of MesPDIMe was
added, resulting in a gradual color change from blue to brown. After
stirring for 2 h, volatiles were removed in vacuo. The resulting solid
was washed with cold pentane (3 × 10 mL) to afford brown solid
(0.868 g, 0.847 mmol, 91%) assigned as Cp*UI2(
MesPDIMe). Elemental
analysis of C37H46N3I2U, calculated: C, 43.37; H, 4.53; N, 4.10. Found:
C, 43.30; H, 4.52; N, 3.98. 1H NMR (C6D6, 25 °C): δ −68.18 (91, 1H,
4-pyr-ArH), −22.61 (16, 12H, o-CH3), −4.03 (3, 4H, m-ArH), −3.98
(3, 6H, CH3), 12.23 (23, 15H, Cp*), 21.50 (14, 2H, 3,5-pyr-ArH),
31.05 (115, 6H, CH3).
Synthesis of Cp*UI(MesPDIMe) (2-Cp*). A 20 mL scintillation vial
was charged with 1.000 g (0.976 mmol) of Cp*UI2(
MesPDIMe) and 10
mL of toluene. While stirring, 0.135 g (0.999 mmol) of KC8 was
added. After 30 min, the dark green solution was filtered over Celite,
and volatiles were removed in vacuo. The resulting solid was washed
with cold pentane (3 × 10 mL) to afford a dark green solid (0.693 g,
0.772 mmol, 79%) assigned as Cp*UI(MesPDIMe). Single, X-ray-quality
crystals were obtained by slow diffusion of hexane into a saturated
toluene solution at −35 °C. Elemental analysis of C37H46N3IU,
calculated: C, 49.50; H, 5.16; N, 4.68. Found: C, 49.46; H, 5.09; N,
4.62. 1H NMR (C6D6, 25 °C): δ −2.21 (5, 6H, CH3), 0.91 (3, 6H,
CH3), 1.83 (d, J = 8, 2H, 3,5-pyr-ArH), 2.00 (3, 6H, CH3), 2.56 (4,
15H, Cp*), 6.16 (5, 2H, ArH), 7.32 (5, 2H, ArH), 7.43 (5, 6H, CH3),
7.96 (t, J = 8, 1H, 4-pyr-ArH).
Alternate Synthesis of Cp*U(MesPDIMe)(THF) (3-Cp*). A 20 mL
scintillation vial was charged with 0.100 g (0.111 mmol) of
Cp*UI(MesPDIMe) and 5 mL of THF. While stirring, 0.016 g (0.118
mmol) of KC8 was added, and the solution color changed from dark
green to brown. After 1 h, the volatiles were removed in vacuo. The
product was extracted with diethyl ether and filtered over Celite,
affording a dark brown solid (0.079 g, 0.094 mmol, 84%) identified as
Cp*U(MesPDIMe)(THF) by 1H NMR spectroscopy.
Synthesis of Cp3
PU. A 20 mL scintillation vial was charged with
0.340 g (0.375 mmol) of UI3(THF)4 and 10 mL of THF. While
stirring, 0.249 g (1.124 mmol) of KCpP was added and stirred for 3 h,
resulting in a green solution. Volatiles were removed in vacuo. The
product was extracted with diethyl ether and filtered through Celite.
Removal of volatiles afforded a green solid (0.265 g, 0.337 mmol, 90%)
assigned as Cp3
PU. Single, X-ray quality crystals were grown in a
concentrated diethyl ether solution at −35 °C. Elemental analysis of
C42H45U, calculated: C, 64.03; H, 5.76. Found: C, 63.60; H, 5.82.
1H
NMR (C6D6, 25 °C): δ −22.21 (38, 6H, ArH), −13.85 (12, 18H,
CH3), −11.08 (24, 6H, ArH), −2.39 (22, 6H, ArH), 2.70 (21, 3H, p-
phenyl-ArH), 3.76 (34, 6H, ArH).
Synthesis of CpPUI2(THF)3. A 20 mL scintillation vial was charged
with 0.335 g (0.369 mmol) of UI3(THF)4 and 10 mL of THF and
cooled to −35 °C. While stirring, 0.082 g (0.369 mmol) of KCpP was
added and stirred for 3 h, resulting in a blue solution. Volatiles were
removed in vacuo. The product was extracted with diethyl ether and
filtered through Celite. Removal of volatiles afforded a blue solid
(0.265 g, 0.297 mmol, 81%) assigned as CpPUI2(THF)3. Single, X-ray
quality crystals were grown in a concentrated diethyl ether solution at
−35 °C. Elemental analysis of C26H39I2O3U, calculated: C, 35.03; H,
4.41. Found: C, 34.83; H, 4.31. 1H NMR (C6D6, 25 °C): δ −24.06
(20, 2H, ArH), −8.26 (16, 2H, ArH), −5.53 (36, 1H, CpP-p-phenyl-
ArH), −2.36 (548, 6H, CpP−CH3), 0.67 (294, 24H, THF−CH2), 4.79
(45, 2H, ArH), 9.54 (85, 2H, ArH).
Synthesis of CpPUI2(
MesPDIMe) (1-CpP). A 20 mL scintillation vial
was charged with 0.469 g (0.517 mmol) of UI3(THF)4, 0.205 g (0.516
mmol) of MesPDIMe, and 15 mL of toluene and stirred for 15 min.
Volatiles were removed, affording a brown solid. The solid was
redissolved in 15 mL of toluene. While stirring, 0.115 g (0.518 mmol)
of KCpP was added and allowed to stir for 30 min. The brown
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suspension was filtered over Celite, and volatiles were removed in
vacuo to yield a brown solid (0.553 g, 0.516 mmol, 95%) assigned as
CpPUI2(
MesPDIMe). Single, X-ray quality crystals were obtained from a
concentrated toluene/pentane (10:1) solution at −35 °C. Elemental
analysis of C41H46N3I2U, calculated: C, 45.91; H, 4.32; N, 3.92. Found:
C, 45.93; H, 4.42; N, 3.82. 1H NMR (C6D6, 25 °C): δ −47.26 (27, 2H,
ArH), −18.20 (12, 12H, o-CH3), −5.55 (10, 6H, CH3), −3.05 (3, 3H,
CpP−CH3), −2.83 (7, 3H, CpP−CH3), −0.83 (3, 1H, ArH), 11.18 (t, J
= 8, 1H, ArH), 12.91 (t, J = 8, 2H, CpP-ArH), 13.38 (34, 2H, ArH),
17.40 (74, 6H, CH3), 17.95 (11, 2H, ArH), 18.73 (42, 4H, PDI-m-
ArH), 21.81 (d, J = 8, 2H, ArH).
Synthesis of CpPUI(MesPDIMe) (2-CpP). A 20 mL scintillation vial
was charged with 1.072 g (1.000 mmol) of CpPUI2(
MesPDIMe) and 15
mL of toluene. While stirring, 1.00 mL (1.000 mmol) of NaHBEt3
solution (1.0 M in toluene) was added, resulting in H2 evolution as
indicated by bubbling. After stirring for 15 min, the dark brown
suspension was filtered over Celite. Volatiles were removed in vacuo to
afford a dark brown solid (0.912 g, 0.964 mmol, 97%) assigned as
CpPUI(MesPDIMe). Single, X-ray quality crystals were obtained from a
concentrated toluene/pentane (1:3) solution at −35 °C. Elemental
analysis of C41H46N3IU, calculated: C, 52.07; H, 4.90; N, 4.44. Found:
C, 51.98; H, 5.07; N, 4.39. 1H NMR (C6D6, 25 °C): δ −65.44 (60, 6H,
CH3), −48.48 (59, 6H, CH3), −16.90 (1, 2H, ArH), −8.73 (12, 2H,
ArH), −8.38 (12, 2H, ArH), −3.70 (5, 6H, CH3), 0.93 (17, 6H, CH3),
8.37 (606, 4H, CpP-Ph-o,p-ArH), 18.10 (20, 1H, ArH), 21.90 (24, 2H,
ArH), 45.50 (31, 1H, ArH), 47.22 (87, 2H, ArH), 70.01 (54, 3H,
CH3), 73.78 (111, 3H, CH3).
Synthesis of CpPU(MesPDIMe) (3-CpP). A 20 mL scintillation vial
was charged with 0.912 g (0.964 mmol) of CpPUI(MesPDIMe) and 15
mL of toluene. While stirring, 0.140 g (1.036 mmol) of KC8 was
added. After stirring for 30 min, the dark brown suspension was
filtered over Celite, and volatiles were removed in vacuo. The resulting
solid was washed with cold pentane (−35 °C) to afford a dark brown
solid (0.568 g, 0.694 mmol, 72%) assigned as CpPU(MesPDIMe).
Elemental analysis of C41H46N3U, calculated: C, 60.14; H, 5.66; N,
5.13. Found: C, 60.09; H, 5.58; N, 5.08. 1H NMR (C6D6, 25 °C): δ
−109.93 (164, 1H, ArH), −65.95 (159, 2H, ArH), −42.93 (321, 6H,
CH3), −27.90 (119, 6H, CH3), −19.00 (162, 6H, CH3), −10.20 (22,
2H, ArH), −8.09 (50, 2H, ArH), −1.82 (42, 6H, CH3), 1.12 (71, 2H,
ArH), 17.70 (58, 1H, ArH), 21.53 (94, 2H, ArH), 26.78 (247, 6H,
CH3), 46.73 (189, 2H, ArH), 76.69 (416, 2H, ArH).
Synthesis of CpPUI(Furf)(MesPDIMe) (4-CpP). A 20 mL
scintillation vial was charged with 0.096 g (0.102 mmol) of
CpPUI(MesPDIMe) and 5 mL of toluene and stirred. Furfural (0.0085
mL, 0.101 mmol) was added via microsyringe, resulting in an
immediate color change from brown to dark green. Volatiles were then
removed, and the resulting solid was washed with pentane (2 × 10
mL), affording a green solid (0.097 g, 0.093 mmol, 92%) assigned as
CpPUI(Furf)(MesPDIMe). Elemental Analysis of C46H50N3IOU, calcu-
lated: C, 53.86; H, 4.91; N, 4.10. Found: C, 53.98; H, 5.09; N, 4.07. 1H
NMR (C6D6, 25 °C): δ −63.30 (127, 1H, ArH), −43.63 (33, 1H,
ArH), −23.58 (9, 3H, CH3), −21.80 (12, 3H, CH3), −20.57 (17, 3H,
CH3), −12.67 (61, 1H, ArH), −8.01 (21, 1H, ArH), −7.17 (10, 3H,
CH3), −4.99 (8, 1H, ArH), −3.41 (7, 3H, CH3), −2.66 (7, 3H, CH3),
3.30 (33, 3H, CH3), 5.36 (8, 1H, ArH), 5.82 (t, J = 8, 1H, Cp
P-p-ArH),
5.93 (t, J = 9, 1H, ArH), 6.26 (t, J = 8, 2H, CpP-m-ArH), 6.76 (25, 1H,
ArH), 6.80 (d, J = 8, 2H, CpP-o-Ar H), 6.88 (25, 1H, ArH), 7.42 (d, J =
8, 1H, ArH), 10.86 (9, 3H, CH3), 13.16 (13, 3H, CH3), 13.51 (8, 1H,
ArH), 15.06 (7, 1H, ArH), 17.89 (12, 3H, CH3), 22.69 (10, 1H, ArH),
42.51 (53, 1H, ArH), 107.80 (40, 1H, ArH).
Synthesis of Cp*UI(Furf)(MesPDIMe) (4-Cp*). A 20 mL
scintillation vial was charged with 0.150 g (0.167 mmol) of
Cp*UI(MesPDIMe) and 5 mL of toluene and stirred. Furfural (0.014
mL, 0.170 mmol) was added via microsyringe, resulting in an
immediate color change from green to brown. Volatiles were then
removed, and the resulting solid was washed with pentane (2 × 10
mL), affording a brown solid (0.120 g, 0.093 mmol, 72%) assigned as
Cp*UI(Furf)(MesPDIMe). Single, X-ray quality crystals were obtained
from a concentrated toluene/pentane (2:1) solution at −35 °C.
Elemental analysis of C42H50N3O2IU, calculated: C, 50.76; H, 5.07; N,
4.23. Found: C, 50.69; H, 5.13; N, 4.09. 1H NMR (C6D6, 25 °C): δ
−23.71 (11, 3H, CH3), −21.13 (8, 3H, CH3), −16.87 (9, 3H, CH3),
−7.58 (7, 1H, ArH), −7.24 (7, 1H, ArH), −5.81 (9, 3H, CH3), −4.54
(6, 3H, CH3), −4.32 (7, 3H, CH3), −2.81 (d, J = 8, 1H, ArH), −0.41
(7, 1H, ArH), 1.45 (9, 15H, Cp*), 7.37 (t, J = 8, 1H, ArH), 8.33 (9,
3H, CH3), 8.51 (11, 3H, CH3), 8.78 (t, J = 6, 1H, ArH), 10.29 (d, J =
8, 1H, ArH), 14.34 (8, 1H, ArH), 15.75 (6, 1H, ArH), 24.38 (10, 1H,
ArH), 103.10 (26, 1H, ArH).
Synthesis of CpPU(O2C2Ph4)(
MesPDIMe) (5-CpP). A 20 mL
scintillation vial was charged with 0.095 g (0.116 mmol) of
CpPU(MesPDIMe) and 5 mL of toluene. While stirring, 0.043 g
(0.236 mmol) of benzophenone was added. After 15 min, volatiles
were removed in vacuo. The resulting solid was washed with cold
pentane (−35 °C) to afford a dark brown solid (0.099 g, 0.084 mmol,
72%) assigned as CpPU(O2C2Ph4)(
MesPDIMe). Single, X-ray quality
crystals were grown by slow diffusion of n-hexane into a concentrated
THF solution at −35 °C. Elemental analysis of C67H66N3O2U,
calculated: C, 68.01; H, 5.62; N, 3.55. Found: C, 67.72; H, 5.64; N,
3.43. 1H NMR (C6D6, 25 °C): δ −310.96 (76, 1H, ArH), −25.28 (9,
2H, ArH), −7.14 (24, 6H, CH3), −1.51 (24, 6H, CH3), 3.20 (d, J = 8,
2H, o-ArH), 3.66 (12, 6H, CH3), 5.76 (t, J = 8, 2H, m-ArH), 5.91 (t, J
= 6, 1H, p-ArH), 6.68 (646, 8H, O2C2Ph4-ArH), 7.67 (779, 4H,
O2C2Ph4-p-ArH), 8.93 (277, 8H, O2C2Ph4-ArH), 12.04 (7, 2H, ArH),
13.53 (12, 2H, ArH), 15.77 (23, 6H, CH3), 25.51 (12, 2H, ArH),
38.14 (15, 2H, ArH), 177.43 (72, 6H, CH3).
Synthesis of Cp*U(O2C2Ph2H2)(MesPDIMe) (5-Cp*). A 20 mL
scintillation vial was charged with 0.220 g (0.261 mmol) of
Cp*U(MesPDIMe)(THF) and 5 mL of toluene and frozen. Upon
thawing, 0.053 mL (0.522 mmol) of benzaldehyde was added via
microsyringe. The reaction was stirred for 2 h, and volatiles were
Scheme 1. Synthesis of MesPDIMe Uranium Derivatives
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removed. The crude mixture was recrystallized by slow evaporation of
a concentrated diethyl ether solution to afford a green solid (0.123 g,
0.125 mmol, 48%) assigned as Cp*U(O2C2Ph2H2)(
MesPDIMe). Single,
X-ray quality crystals were grown from a concentrated toluene/
pentane solution (4:1) at −35 °C. Elemental analysis of
C51H58N3O2U, calculated: C, 62.31; H, 5.95; N, 4.27. Found: C,
62.23; H, 6.10; N, 4.24. 1H NMR (C6D6, 25 °C): δ −50.93 (15, 2H,
ArH), −49.52 (16, 2H, ArH), −23.81 (24, 2H, ArH), −22.17 (22, 2H,
ArH), −19.85 (d, J = 24, 1H, Pin−CH), −5.91 (10, 1H, ArH), −5.71
(8, 1H, ArH), −5.49 (7, 1H, ArH), −5.26 (d, J = 11, 1H, Pin−CH),
1.54 (6, 1H, ArH), 1.95 (5, 6H, CH3), 2.09 (7, 6H, CH3), 2.14, (7, 6H,
CH3), 3.80 (11, 1H, ArH), 9.67 (32, 1H, ArH), 9.85 (36, 1H, ArH),
12.98 (11, 15H, Cp*), 19.63 (17, 3H, CH3), 22.40 (17, 3H, CH3).
Reactivity of 3-CpP with Benzaldehyde. A 20 mL scintillation
vial was charged with 0.027 g (0.033 mmol) of CpPU(MesPDIMe) and 3
mL of toluene. While stirring, benzaldehyde (6.7 μL, 0.066 mmol) was
added via microsyringe. After 30 min without a noticeable color
change, volatiles were removed in vacuo. Inspection by 1H NMR
spectroscopy revealed decomposition of the starting material without
significant consumption of benzaldehyde.
Reactivity of 3-Cp* with Benzophenone. A 20 mL scintillation
vial was charged with 0.035 g (0.042 mmol) of Cp*U(MesPDIMe)-
(THF) and 3 mL of toluene. While stirring, benzophenone (0.016 g,
0.088 mmol) was added, resulting in an immediate color change from
brown to dark red. After 10 min, volatiles were removed. Inspection by
1H NMR spectroscopy revealed significant decompostion of starting
material without consumption of benzophenone.
■ RESULTS AND DISCUSSION
Synthesis of Reduced Species. Initial studies focused on
metalation of MesPDIMe for the synthesis of a series of reduced
Cp* uranium derivatives. Treating a stirring blue toluene
solution of Cp*UI2(THF)3
22 with one equivalent of MesPDIMe
resulted in a color change to brown over a 3 h period (Scheme
1, red = anionic bond, blue = dative bond). Following the
workup, analysis by 1H NMR spectroscopy revealed seven
paramagnetically shifted resonances, suggesting metalation and
formation of C2v symmetric Cp*UI2(
MesPDIMe) (1-Cp*), with
an intense singlet at 12.23 ppm assigned as the η5-Cp* ligand.
Reduction of 1-Cp* was achieved by treatment with one
equivalent of KC8 (Scheme 1). Following the workup, analysis
of the isolated dark green solid by 1H NMR spectroscopy
revealed nine paramagnetically broadened resonances spanning
from −2.21 to 7.96 ppm with the largest at 2.56 ppm assigned
as the η5-Cp*. Four resonances integrating to six protons each
corresponding to pairs of methyl groups on the MesPDIMe ligand
signify a Cs symmetric complex in solution, Cp*UI(
MesPDIMe)
(2-Cp*).
Structural confirmation and features of 2-Cp* were
elucidated by crystallographic analysis of single, X-ray-quality
crystals obtained from the slow diffusion of hexane into a
saturated toluene solution at −35 °C (Figure 1, Table 1).
Refinement of the data revealed the uranium iodide complex
with both η5-Cp* and MesPDIMe ligands. The U1−I1 and U−Ct
distances (3.1087(8) and 2.386 Å, respectively) are on the
order of those for Cp*2UI2(NCCH3) (3.07(2) and 2.465 Å).
29
The uranium center is situated 1.189 Å above the MesPDIMe N−
N−N plane.
Intraligand distances have been established as an important
metric for determining pyridine(diimine) ligand reduction.30−32
A comparison of ligand bond distances in 2-Cp* as compared
to free MesPDIMe confirms localized ligand reduction. The N1−
C2 distance of 1.454(12) Å is severely elongated compared to
that in the free ligand of 1.277(3) Å (Figure S5), whereas the
C2−C3 bond of 1.386(13) Å is contracted versus MesPDIMe
(1.495(3) Å). On the other hand, the C7−C8 distance of
1.499(12) Å is very close to the free ligand value, indicating no
reduction for this bond, and very little for N3−C8 (1.349(11)
Å) as well (1.349(11) Å). Thus, reduction appears to be
relegated to one part of the ligand in the molecular structure.
This is further evident from inspection of the uranium−
nitrogen bond distances for MesPDIMe. Although not as
thoroughly studied, these U−N distances are a more reliable
parameter for establishing ligand reduction due to the higher
accuracy in these measurements. In 2-Cp*, the long U1−N3
distance of 2.781(8) Å is consistent with a dative interaction, as
would be expected for a neutral [MesPDIMe]0. Upon ligand
reduction, however, the U−N bonds change in character from
dative to monoanionic, which is highlighted by bond
shortening. Thus, the U1−N2 and U1−N1 bond distances of
2.337(8) and 2.156(8) Å, respectively, are on the order of
uranium amides33−35 and support reduction on this side of the
ligand in the solid state. Taken with the intraligand distances,
the metric parameter for 2-Cp* supports a dianionic,
[MesPDIMe]2−. The distances in 2-Cp* are also reminiscent of
those in (MesDABMe)2U(THF) (
MesDABMe = [ArNC(Me)-
C(Me)NAr], Ar = 2,4,6-trimethylphenyl (Mes)), which has
been characterized to have dianionic [MesDABMe]2− ligands.36
By analogy to the reduction of 1-Cp*, treating 2-Cp* with
one equivalent of KC8 resulted in ligand reduction to generate
Cp*U(MesPDIMe)(THF) (3-Cp*). Compound 3-Cp* was
previously synthesized by the addition of 2 equiv of KC8 to a
solution of Cp*2UI(THF) and
MesPDIMe (1:1). The former
synthetic route to 3-Cp* from 2-Cp* resulted in similar purity
and yields (84%) to the latter but circumvents the loss of a Cp*
ligand. Compound 3-Cp* is established to have a triply reduced
[MesPDIMe]3− ligand,19 demonstrating that reduction occurs at
MesPDIMe and not the uranium center.
With the Cp* reduction series in hand, synthesis of the same
series using the less sterically demanding 1-(7,7-
dimethylbenzyl)cyclopentadienyl (CpP) ligand was attempted.
Synthesis of CpPUI2(THF)x was targeted first as an entry into
the reduction series by analogy to Cp*UI2(THF)3
22 and was
possible by the addition of a single equivalent of KCpP to a
THF solution of UI3(THF)4. Following the workup, the blue
solid showed a paramagnetically shifted 1H NMR spectrum
with broad resonances, most likely due to the dynamic nature
of the CpP ring in solution. Seven signals spanning from −24.06
to 9.54 ppm were observed, including a resonance at −2.36
ppm for the equivalent methyl protons (6H) and a broad
Figure 1. Molecular structure of Cp*UI(MesPDIMe) (2-Cp*) shown
with 30% probability ellipsoids. Hydrogen atoms as well as one 2,4,6-
trimethylphenyl substituent have been omitted for clarity.
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singlet (Δ1/2 = 294) at 0.67 ppm assigned as coordinated THF
molecules.
X-ray crystallography was employed to elucidate the
structure and determine the number of coordinated solvent
molecules in CpPUI2(THF)x. Refinement of the data from
single crystals grown from diethyl ether at −35 °C confirmed
the product as CpPUI2(THF)3 (Figure 2, left; Table 1). The
molecular structure shows CpPUI2(THF)3 has a U−Ccentroid
distance of 2.505 Å and U−I distances of 3.1667(16) and
3.1562(19) Å, which are all within range for other uranium(III)
cyclopentadienyl complexes.22,37,38 The phenyl group of the
CpP ring points away from the uranium center, while the two
adjacent methyl groups are angled toward it.
Using similar conditions to those established for the
synthesis of 1-Cp*, CpPUI2(THF)3 was treated with one
equivalent of MesPDIMe to generate CpPUI2(
MesPDIMe) (1-CpP).
While analysis by 1H NMR spectroscopy did show a product
with the expected number of resonances and symmetry for 1-
CpP, inseparable side products were also formed. Attempts to
isolate pure 1-CpP by varying solvents and reaction times were
unsuccessful.
With the inability to generate 1-CpP cleanly, direct synthesis
of 3-CpPwas attempted in an analogous manner to 3-Cp*,19
requiring formation of CpP2UI(THF)x. Attempts to generate
this by adding two equivalents of KCpP to a THF solution of
UI3(THF)4 resulted in an immediate color change from purple
to green. While analysis of the isolated product by 1H NMR
spectroscopy revealed a paramagnetically shifted spectrum with
the six resonances expected for the desired product, X-ray
crystallographic analysis of suitable green crystals grown from
diethyl ether at −35 °C showed the molecular structure to be
CpP3U, rather than Cp
P
2UI(THF)x (Figure S4). The U−
Ccentroid distances range from 2.527 to 2.568 Å and are on the
order of those in [{1,3-(Me3Si)C5H3}3U] (U−Ccentroid avg =
2.54 Å).39 Interestingly, the same 1H NMR spectrum was
obtained regardless of whether two or three equivalents of
KCpP were used, but CpP3U is most efficiently synthesized
(90% yield) by the addition of three equivalents of KCpP to
UI3(THF)4. Attempts to use Cp
P
3U for the synthesis of 3-Cp
P
were unsuccessful.
Synthesis of 1-CpP was finally possible by the addition of one
equivalent of MesPDIMe to a stirring toluene solution of
UI3(THF)4, which resulted in an immediate color change
from purple to brown (Scheme 1). Following removal of the
volatiles, the resulting brown solid was redissolved in toluene
and treated with an equivalent of KCpP, causing a color change
Table 1. Bond Distances (Å) for MesPDIMe, 2-Cp*, 1-CpP, 2-CpP, and CpPUI2(THF)3
XN XO
MesPDIMea 2-Cp* 1-CpP 2-CpP CpPUI2(THF)3
U−X1 2.156(8) 2.522(10) 2.500(2) 2.500(12)
U−X2 2.337(8) 2.368(10) 2.234(3) 2.569(14)
U−X3 2.781(8) 2.484(9) 2.327(3) 2.490(11)
N1−C2 1.277(3) 1.454(12) 1.331(16) 1.317(4)
C2−C3 1.495(3) 1.386(13) 1.480(18) 1.441(4)
C3−C4 1.386(3) 1.509(13) 1.334(16) 1.357(5)
C4−C5 1.378(3) 1.353(13) 1.384(17) 1.404(5)
C5−C6 1.383(3) 1.375(13) 1.387(18) 1.354(5)
C6−C7 1.388(3) 1.426(11) 1.393(16) 1.416(5)
N2−C3 1.346(2) 1.379(11) 1.407(15) 1.409(4)
N2−C7 1.343(3) 1.362(11) 1.385(14) 1.427(4)
C7−C8 1.494(3) 1.499(12) 1.434(16) 1.378(5)
N3−C8 1.276(3) 1.349(11) 1.325(14) 1.375(4)
U−Ct 2.386 2.500 2.492 2.505
U−I1 3.1087(8) 3.1257(9) 3.0326(3) 3.1667(16)
U1−I2 3.0318(10) 3.1562(19)
aThe free ligand, MesPDIMe, is shown for comparison.
Figure 2. Molecular structures of CpPUI2(THF)3 (left), 1-Cp
P (middle), and 2-CpP (right) shown with 30% probability ellipsoids. Hydrogen atoms
and cocrystallized solvent molecules are omitted for clarity.
Inorganic Chemistry Article
dx.doi.org/10.1021/ic500012x | Inorg. Chem. 2014, 53, 3730−37413734
235
from dark brown to orange-brown. The desired product, 1-CpP,
was isolated in 95% yield; however, failure to remove volatiles
following the addition of MesPDIMe led to a lower yield and
mixture of products. Analysis of 1-CpP by 1H NMR
spectroscopy showed 13 paramagnetically shifted peaks ranging
from −47.26 to 21.81 ppm. A large resonance at −18.20 ppm
integrating to 12 protons was assigned as o-CH3 mesityl
protons of MesPDIMe, and the presence of five more resonances
for this ligand indicated a symmetric MesPDIMe ligand for 1-CpP.
To confirm the assignment as CpPUI2(
MesPDIMe) (1-CpP),
analysis of a single crystal grown from toluene/pentane (10:1)
at −35 °C by X-ray crystallography was performed. Refinement
of the data revealed the structure to be the pyridine(diimine)
uranium bis(iodide) species with the expected η5-CpP ligand
(Figure 2, middle; Table 1). The iodides are oriented trans with
respect to each other, with an angle of 153.9(4)°, and have U−I
distances of 3.1257(9) and 3.0318(10) Å, similar to those
reported for UI3(THF)4 (3.103(2)−3.167(2) Å).40 The
uranium center in 1-CpP sits 0.023 Å above the N−N−N
plane of MesPDIMe.
Although the intraligand distances are not reliable for ligand
oxidation state assignment, as in the case of 2-Cp*, the U−N
distances provide a reliable metric for gauging ligand reduction.
For MesPDIMe in 1-CpP, there are two long U−Nimine distances
of 2.522(10) (U1−N1) and 2.484(9) Å (U1−N3), which are
assigned as dative bonds and are similar to those reported for
the neutral ligand in Cp*U(MesPDIMe)(NPh)2 of 2.578(5),
2.537(5), and 2.606(5) Å.19 However, a shorter U1−N2
distance of 2.368(10) Å, similar to those of 2.201(3) for the
trianionic chelate in 3-Cp*,19 signifies the ligand has been
reduced by the uranium(III) center upon coordination,
generating [MesPDIMe]1− supported by a uranium(IV) center.
Variable temperature magnetic susceptibility studies were
performed on 1-CpP to further confirm the ligand oxidation
state. The ambient temperature magnetic susceptibility for 1-
CpP (μeff: 3.12 μB) is significantly lower than that calculated
with the Lande ́ formula for either bona f ide U(III) (4I9/2, 3.62
μB) or U(IV) ions (
3H4, 3.58 μB), respectively; however, it is in
the range observed for complexes in either formal oxidation
state. Compound 1-CpP shows qualitatively similar magnetic
behavior (Figure 3), with gradual and monotonic decreases in
μeff as the temperature decreases, with a slightly steeper
downturn below 20 K. At 5 K, the effective magnetic moment
for 1-CpP is 1.25 μB. The low temperature moment is
significantly smaller than that observed in true U(III)
complexes (2.5−3 μB at 2 K)
41−44 and larger than found in
unambiguously U(IV) complexes (0.4−0.8 μB at 2 K) with
orbital singlet ground states.45,46 In the scenario where the
excited spins of a U(IV) ion couple antiferromagnetically with a
ligand-centered radical anion, we might expect the low-
temperature effective moment to be somewhat smaller than
the 1.73 μB value calculated for an S = 1/2, g = 2 spin center.
Thus, the data are consistent with a formal U(IV), 5f2 site
weakly interacting with a ligand radical.
Following successful metalation of MesPDIMe, the reduction
chemistry of 1-CpP was probed. While multiple reagents were
effective for reduction, the addition of a single equivalent of
sodium triethylborohydride to a stirring toluene solution of 1-
CpP gave the cleanest product in highest yields.47 Evolution of
H2 as indicated by effervescence and a darkening of the solution
was noted over the course of the reaction. Following the work
up, analysis by 1H NMR spectroscopy showed a new product
with 14 paramagnetically shifted resonances ranging from
−65.44 to 73.78 ppm. Similar to 2-Cp*, four resonances
integrating to six protons each were observed, indicating a Cs
symmetric molecule in solution and leading to the preliminary
assignment as CpPUI(MesPDIMe) (2-CpP).
X-ray quality crystals of 2-CpP obtained from a concentrated
toluene/pentane (1:3) solution at −35 °C were analyzed.
Refinement of the data confirmed the pyridine(diimine)
uranium iodide complex with an η5-CpP ligand (U1−Ct =
2.492 Å; Figure 2, right; Table 1). The U1−I1 bond distance of
3.032(3) Å is within error of other U(IV) complexes with
iodide ligands.24,29 The uranium center sits 0.815 Å above the
plane of MesPDIMe. For the pyridine(diimine) chelate, ligand
reduction is evident from examination of the intraligand bond
distances in 2-CpP. These data highlight a notable difference
between the two C−Nimine distances, where the N1−C2
distance of 1.317(4) Å is significantly shorter than for N3−C8
of 1.375(4) Å. Thus, while the former maintains double bond
character, the latter has undergone reduction. This is confirmed
by the adjacent carbon−carbon bond distances, where C2−C3
(1.441(4) Å) is similar to free MesPDIMe, and C7−C8 (1.378(5)
Å) is contracted due to reduction. Alternating short (C3−C4
and C5−C6) and long (C4−C5 and C6−C7) distances in the
pyridine ring signify a loss of aromaticity which can accompany
a doubly reduced closed shell ligand.48 Therefore, 2-CpP
displays a greater extent of ligand reduction as compared to
1-CpP, supporting a ligand based reduction event and
formation of dianionic [MesPDIMe]2− upon exposure to
NaHBEt3. Lending further support to this formulation are the
U−N bond distances in 2-CpP, where there are two short U−N
bonds (U1−N2 = 2.234(3); U1−N3 = 2.327(3) Å) consistent
with uranium-amide linkages formed from ligand reduction and
one longer U1−N1 bond (2.500(2) Å) for a dative interaction
similar to 2-Cp*.
Further reduction of 2-CpP was attempted to investigate the
generation of an analogous compound to 3-Cp*. The addition
of an equivalent of KC8 to a solution of 2-Cp
P resulted in the
isolation of a dark brown powder. Analysis by 1H NMR
spectroscopy again showed 14 broad, paramagnetically shifted
peaks ranging from −109.93 to 76.69 ppm for the Cs symmetric
compound. The 1H NMR data unambiguously establishes the
Figure 3. Effective magnetic moment (versus temperature) for 1-CpP
and 5-CpP. Susceptibility data were collected at a 1000 Oe measuring
field.
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presence of both the CpP and MesPDIMe ligands, leading to the
assignment as CpPU(MesPDIMe) (3-CpP). The absence of
additional resonances indicates that no THF is coordinated to
the uranium center. While repeated attempts at X-ray
crystallographic characterization were unsuccessful, similar
spectroscopic features to 3-Cp* support formulation of this
species as containing a [MesPDIMe]3− as well.
The uranium derivatives of the CpP ligand reported here are
the first actinide complexes to utilize this framework, as this
ligand has previously been used for transition metals49−52 and
lanthanides.53 For all of the CpPU complexes, the standard η5-
coordination mode is the only one observed, in contrast to the
titanium(IV) compound, [CpPTi(CH3)2][B(C6F5)4], which
shows η6-coordination of the phenyl ring to the titanium
center as well.54 The family of reduced uranium complexes of
both Cp* and CpP reported here also highlights the ability of
MesPDIMe to exist in multiple oxidation states, serving to
maintain the valency at the uranium center. Additionally,
although there are clearly steric and electronic differences of the
two cyclopentadienyl ligands, it appears as though there is little
influence of the cyclopentadienyl ligand on the ability to isolate
analogous species in both series.
Reactivity with Carbonylated Substrates. The isolation
of the family of reduced uranium complexes provides an
opportunity to determine if the electrons stored in the ligand
can be used to promote bond formation or activation reactions.
Additionally, the influence of the steric and electronic variability
of the cyclopentadienyl ligand on further reactivity can be
evaluated. For these studies, C−O bond activation of ketones
and aldehydes was explored.
Exposure of 2-CpP to an equivalent of furfural resulted in an
immediate color change from brown to green. Infrared
spectroscopy showed no absorption assignable to a carbonyl,
and analysis by 1H NMR spectroscopy revealed a complicated
(28 resonances) paramagnetically shifted spectrum with peaks
ranging from −63 to 107 ppm. Resonances integrating to three
(× 10), two (× 2), and single (× 16) protons were identified,
indicating an asymmetric molecule in solution, save the CpP-
phenyl protons. These data are consistent with reduction of the
carbon−oxygen double bond; however, formation of a stable
charge separated ketyl radical product was ruled out as Cs
symmetry in solution would be expected for such a species.
The more likely scenario is carbonyl reduction, where the
reducing equivalent is derived from [MesPDIMe]2−, followed by
radical coupling of the newly formed ketyl with the remaining
[MesPDIMe]1−, to form CpPUI(Furf)(MesPDIMe) (4-CpP) (eq 1).
Radical coupling with reduced carbonyl moieties has been
observed for trivalent Cp2*U(2,2′-bpy) (2,2′-bpy =2,2′-
bipyridine), which contains a monoanionic bipyridine ligand.55
Upon the addition of carbonylated substrates, the carbonyls are
reduced by one electron and couple with the bipyridine ligand
to generate a family of compounds, Cp2*U[(NC5H4)-
NC4H3CH-CRR′O] (R = R′ = Ph; R = R′ = Me; R = H, R′
= tolyl; R = H, R′ = furanyl). Unfortunately, single, X-ray-
quality crystals of 4-CpP have remained elusive.
Analogous reactivity occurred with the pentamethylcyclo-
pentadienyl complex, 2-Cp*. Treating a green solution of 2-
Cp* with one equivalent of furfural resulted in an immediate
color change to brown (eq 1). Inspection with infrared
spectroscopy revealed the disappearance of the carbonyl
stretch, and 1H NMR spectroscopy again revealed a completely
asymmetric paramagnetic spectrum ranging from −23 to 103
ppm with a large resonance at 1.45 ppm assigned as the Cp*
protons. Eight inequivalent methyl protons from the MesPDIMe
and remaining 11 single-proton resonances led to the product
assignment as Cp*UI(Furf)(MesPDIMe) (4-Cp*).
Single, X-ray quality crystals of 4-Cp* obtained from a
toluene/pentane solution (2:1, −35 °C) were analyzed to
determine the nature of the reductive coupling (Figure 4).
Refinement of the data revealed a uranium iodide supported by
an alkoxy-amide MesPDIMe ligand and capped with an η5-Cp*
(U1−Ct = 2.510 Å) in a pseudo-octahedral geometry. The
molecular structure confirms the carbon−carbon coupling
between the furfural ketyl-carbon and the MesPDIMe imine-
carbon (C8−C10 = 1.575(7) Å) and shows the resultant
alkoxide ligand is trans to the iodide. For the MesPDIMe ligand,
two nitrogens are coordinated to uranium in a dative fashion
(U1−N1 = 2.769(4); U1−N2 = 2.534(2) Å), and the other
nitrogen has a short U−N bond (U1−N3 = 2.293(4) Å)
consistent with an amide linkage. The imine opposite of the
coupling shows no reduction (N1−C2 = 1.283(8) Å), and the
pyridine ring has rearomatized. The uranium−oxygen distance
of 2.137(4) Å is as expected for a uranium(IV) alkoxide
interaction, while the carbon−oxygen distance of the substrate
shows the expected elongation (O1−C10 = 1.403(6) Å) for the
reduction to a single bond. The furan ring does not interact
with the uranium center. The bond distances account for 4-
Cp* to be in the uranium(IV) oxidation state (as in the starting
material, 2-Cp*), indicating all the redox chemistry has been
achieved by use of ligand electrons. Further, weakly intense,
sharp transitions (ε ∼ 100 M−1 cm−1) detected in the near-
infrared region for both 4-CpP and 4-Cp* suggest both metal
centers reside in the tetravalent oxidation state (Figure S21).
Figure 4. Molecular structure of 4-Cp* shown with 30% probability
ellipsoids. Selected hydrogen atoms, aryl groups, and solvent
molecules have been omitted for clarity.
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Complex 4-CpP displays an intense transition (ε = 1011 M−1
cm−1, λmax = 600 nm) assigned as the color producing band.
Isolation of the analogous 4-Cp* and 4-CpP complexes
supports that there is little variation in reactivity between the
Cp* and CpP systems in this case, despite the differences in
sterics and electronics. To further probe the role of Cp
substituent, the reactivity of the compounds with the triply
reduced MesPDIMe ligands was explored with similar substrates.
Treating 3-CpP with one equivalent of benzophenone
maintained the dark brown solution color (eq 2). Analysis by
1H NMR spectroscopy showed unreacted starting material as
well as the formation of a new product, 5-CpP, in a 1:1 ratio. To
reach full conversion, two equivalents of benzophenone were
added to a stirring solution of 3-CpP, which successfully
generated 5-CpP as the exclusive product. The 1H NMR
spectrum revealed 17 paramagnetically shifted resonances
ranging from −310.96 to 177.43 ppm. Deuterium labeling
experiments using benzophenone-d10 facilitated the assignment
of three broad resonances (6.68, 7.67, and 8.93 ppm)
corresponding to the protons derived from benzophenone.
Analysis of a KBr pellet of 5-CpP by infrared spectroscopy did
not show a carbonyl stretch, supporting reduction of the CO
bond. On the basis of the reaction stoichiometry and
spectroscopic data, 5-CpP is assigned as the uranium(IV)
pinacolate complex, CpPU(O2C2Ph4)(
MesPDIMe).
To elucidate structural parameters of 5-CpP, single, X-ray-
quality crystals obtained by slow diffusion of n-hexane into a
concentrated THF solution at −35 °C were analyzed.
Refinement of the data confirmed the assignment of 5-CpP,
which is coordinated by pyridine(diimine) and an η5-CpP ligand
(U1−Ct = 2.575 Å; Figure 5, left; Table 2). The U−O
distances of 2.118(3) and 2.155(3) Å are similar to those found
in the uranium(IV) bis(pinacolate), U(O2C2Ph4)2(THF)2,
reported by Ephritikhine and co-workers.56 Due to the extreme
steric hindrance in the molecule, the uranium center is pulled
out of the plane of the pyridine(diimine) ligand by 1.099 Å.
Examination of the intraligand bond distances indicates that
MesPDIMe is reduced by a single electron in 5-CpP. In
Figure 5. Molecular structure of 5-CpP (left) and 5-Cp* (right) shown with 30% probability ellipsoids. Hydrogen atoms, selected 2,4,6-
trimethylphenyl groups, and cocrystallized solvent molecules have been omitted for clarity.
Table 2. Structural Parameters for 4-Cp*, 5-CpP, and 5-Cp*
4-Cp* 5-CpP 5-Cp*
U−N1 2.769(4) 2.679(4) 2.527(3)
U−N2 2.532(4) 2.434(4) 2.523(4)
U−N3 2.293(4) 2.607(4) 2.568(4)
N1−C2 1.283(8) 1.305(6) 1.315(6)
C2−C3 1.493(8) 1.440(7) 1.441(6)
C3−C4 1.389(9) 1.384(7) 1.473(6)
C4−C5 1.372(10) 1.385(8) 1.397(7)
C5−C6 1.377(9) 1.370(8) 1.419(7)
C6−C7 1.400(8) 1.388(7) 1.479(7)
N2−C3 1.345(7) 1.383(7) 1.343(6)
N2−C7 1.340(7) 1.386(7) 1.344(6)
C7−C8 1.509(8) 1.435(7) 1.437(6)
N3−C8 1.492(7) 1.321(6) 1.311(6)
U−Ct 2.510 2.575 2.592
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comparison to the free ligand, both C−Nimine distances are
elongated, while the adjacent C−C distances are contracted,
supporting ligand reduction. Furthermore, the Npyr−C
distances of 1.383(7) and 1.386(7) Å are elongated as
compared to the free ligand but are on the order of those in
1-CpP. This reduction pattern is further evident in the
respective U1−N1 and U1−N3 distances of 2.607(4) and
2.679(4) Å for MesPDIMe in 5-CpP, which are on the order of
dative uranium−nitrogen bonds, while the U1−N2 distance
(2.434(4) Å) is shorter, supporting electron occupation of the
ligand similar to that in 1-CpP for the assignment as
monoanionic [MesPDIMe]1−.
Formulation of [MesPDIMe]1− in 5-CpP is further confirmed
by variable temperature magnetic susceptibility studies (Figure
3). The ambient temperature magnetic susceptibility of 5-CpP
is 3.27 μB, which is slightly larger than for 1-Cp
P (μeff: 3.12 μB)
but in the range expected for uranium(III) or (IV) compounds.
As in the case of 1-CpP, there is a gradual and monotonic
decrease in μeff for 5-Cp
P as the temperature decreases, with a
final effective magnetic moment of 1.44 μB at 5 K. While the
low temperature moment is intermediate of U(III) and U(IV)
complexes with orbital singlet ground states,45,46 based on the
similarity to 1-CpP, the low temperature magnetic data are
consistent with a formal U(IV), 5f2 site weakly interacting with
a ligand radical.
The presence of this ligand radical in 5-CpP supports that the
two electrons to reduce both equivalents of OCPh2 to
[OCPh2]
• were derived from trianionic [MesPDIMe]3− in 3-
CpP. Thus, one reducing equivalent remains and is localized in
MesPDIMe. Generating radical character in both benzophenone
ligands results in radical coupling to form the pinacolate
product, 5-CpP, which has been oxidized to a radical
[MesPDIMe]1− ligand and uranium(IV) center. Thus, the
tetravalent uranium center is maintained throughout the
reaction, with redox events promoted by the ligand.
Radical coupling mediated by electron-rich uranium species
is well established, especially for substrates such as CO,57 NO,58
and diphenylacetylene.13 For carbonyl substrates, Ephritikhine
reports early examples with the formation of UCl2(O2C2Ph4)
and U(O2C2Ph4)2(THF)2 by treating UCl4 with varying
amounts of Na/Hg in the presence of benzophenone.56
Meyer demonstrates that trivalent [((AdArO)3tacn)U] can
reduce benzophenone to form the transient uranium(IV) charge
separated benzophenone radical species, [((AdArO)3tacn)-
UIV(OC·Ph2)].
59 This species is unstable and can undergo
radical coupling either with a second equivalent through the
para-phenyl carbon of activated benzophenone to form dimeric
[((AdArO)3tacn)U
IV(OCPhPh−CPh2O)UIV(AdArO)3tacn)] or
with an H· source to form [((AdArO)3tacn)U
IV(OC·Ph2)].
Benzaldehyde coupling by Cp3U(THF) has also been reported,
which produced tetravalent Cp3UOC(Ph)H-PhCHOCp3U.
60
Interestingly, 3-CpP was found to decompose when exposed to
benzaldehyde, indicating that clean C−O bond activation by 3-
CpP cannot be extended to aldehydes.
Reactivity of 3-Cp* with benzophenone was tested under the
same conditions as for 3-CpP. The addition of two equivalents
of benzophenone resulted in immediate decomposition of 3-
Cp* without the formation of tractable uranium products. This
decomposition is most likely due to the increased steric bulk of
the Cp* ligand as compared to CpP, which prevents substrate
access and formation of the pinacolate derivative. Thus,
compound 3-Cp* was treated with two equivalents of
benzaldehyde, which caused an immediate color change from
brown to green (eq 3). 1H NMR spectroscopy gave a spectrum
of a single, paramagnetically shifted product, 5-Cp*, with a
singlet at 12.98 ppm assigned as the equivalent Cp* protons.
Analysis of the crude material by IR spectroscopy confirmed
the absence of an absorption for a CO double bond (Figure
S20).
To confirm the identity of 5-Cp*, single, X-ray-quality
crystals obtained from a concentrated toluene/pentane (4:1)
solution cooled to −35 °C were analyzed. Refinement of the
data revealed an η5-Cp* ligand (U1−Ct = 2.592 Å) bound to a
uranium pinacolate supported by a MesPDIMe ligand (Figure 5,
right; Table 2). The formerly aldehydic protons on the
pinacolate ligand were also refined. The molecular structure
shows the pinacolate ligand adopts a meso conformation with
U−O distances (2.151(3) and 2.133(3) Å) similar to those in
5-CpP and U(O2C2Ph4)2(THF)2, supporting the hypothesis
that steric bulk precludes formation of the benzophenone
derivative. Similar to the case of 5-CpP, the uranium is situated
1.032 Å above the plane of the MesPDIMe ligand.
Examination of the metrical parameters for MesPDIMe in 5-
Cp* indicates a potentially differing electronic structure than
for 5-CpP. The N1−C2 and N3−C8 distances of 1.315(6) and
1.311(6) Å are similar to free MesPDIMe, supporting their double
bond character, while the adjacent C−C distances of 1.441(6)
(C2−C3) and 1.437(6) Å (C7−C8) show only a slight
deviation from the free MesPDIMe, indicating little, if any,
reduction. However, ligand reduction is most clear in the
pyridine ring, where the C3−C4 (1.473(6) Å) and C6−C7
(1.479(6) Å) distances have been significantly elongated to the
degree of C−C single bonds, while C4−C5 (1.397(7)) and
C5−C6 (1.419(7)) possess multiple bond character. These
parameters are in contrast to those noted for 5-CpP, where the
bond distances within the pyridine ring are similar to an
aromatic system. A consequence of the unusual electronic
structure of MesPDIMe observed for 5-Cp* is that the uranium−
nitrogen distances show three dative linkages spanning
2.523(4)−2.568(4) Å. Thus, the metrical parameters suggest
that a charge separated radical anion resonance form of the
[MesPDIMe]− ligand is the dominant form in 5-Cp* (Figure 4,
right; Table 2). As in the case of 5-CpP, the trianionic MesPDIMe
ligand in 3-Cp* is the source of the reducing equivalents for
benzaldehyde activation to form 5-Cp*, which maintains a
uranium(IV) center.
Examination of the electronic absorption spectra of 1-Cp*,
1-CpP, 5-CpP, and 5-Cp* further highlights electronic structure
differences. Complexes 1-Cp*, 1-CpP, and 5-CpP are all dark
brown and display similar, ill-defined, relatively strong
transitions (ε = 200−888 M−1 cm−1) throughout the near-
infrared region (Figure 6). These transitions are thought to
result from intramolecular electron transfer (IET) between the
[MesPDIMe]− radical and the uranium(IV) center. Bands of
similar energy and intensity in the near-infrared region have
been observed in Me8Fc-PTM, which is an octamethylferrocene
linked through a conjugated vinylene bridge to a perchloro-
triphenylmethyl (PTM) radical. In this case, bands assigned to
the IET result from an electron transfer from the Me8Fc
(donor) to the PTM (acceptor). These bands in the near-
infrared region are absent for the valence tautomeric species,
Me8Fc
+−PTM−.61 Instead, this zwitterionic form displays a
diagnostic absorbance at 530 nm (ε ∼ 11 000 M−1 cm−1)
assigned as the PTM anion charge transfer.62 The intense near-
infrared bands observed for 1-Cp*, 1-CpP, and 5-CpP are in
sharp contrast to 5-Cp*, which displays a typical U(IV)
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absorbance spectrum with sharp, weakly intense (ε = 20−50
M−1 cm−1) transitions in the near-infrared region. The lack of
the IET band supports that 5-Cp* can be thought of as a
zwitterionic complex. In addition to the differences in the near-
IR region, bright green 5-Cp* also contains two dominant
features in the visible region assigned to the charge transfer of
the pyridine anion (ε = 36 430 M−1 cm−1, 431 nm) and to the
color producing band (5560 M−1 cm−1, 602 nm), the latter of
which is analogous to that observed for green 4-CpP.
The variation of the sterics and electronics of the
cyclopentadienyl ligands is highlighted in the reactivity of 3-
CpP and 3-Cp*, as these rings ultimately determine substrate
preference and electronic structures of the final products, 5-
Cp* and 5-CpP. In the case of the CpP ligand, ketones can be
reduced and coupled since the −Me2Ph substituent can rotate
away from the uranium center, which serves to relieve the steric
pressure. For the larger Cp*, only activation of aldehydes is
possible, since substrates are small enough to approach the
uranium center. The dichotomy in the electronic structures of
5-CpP and 5-Cp* can be correlated to the electron donating
ability of the cyclopentadienyl ring (Scheme 2). In the case of
CpP, the pinacolate product features an anionic U−Npyr bond,
forcing a [MesPDIMe]−1 radical. This occurs because the electron
donating effect of the methyl groups is mediated by the
withdrawing effect of the adjacent phenyl group on the Cp
ligand. In contrast, the five alkyl substituents of Cp* create a
highly electron donating ligand, such that the anionic charge of
the U−Npyr bond is pushed onto the pyridine(diimine) ligand,
converting it to a dative bond. This generates the zwitterionic
resonance form that is confirmed by the electronic absorption
spectrum.
■ CONCLUSIONS
In conclusion, a series of reduced pyridine(diimine) uranium-
(IV) species with either the Cp* or CpP framework have been
generated from uranium(III) starting materials. The entries in
the series differ in the extent of pyridine(diimine) ligand
reduction, which was made possible by treatment with
potassium graphite. While analogous members of each series
appear to be quite similar in their electronics and metrical
parameters, the reactivity of the trianionic [MesPDIMe]3−
compounds with carbonylated substrates differs. With the
sterically smaller CpP derivative, a new pinacolate compound is
formed by benzophenone coupling, whereas reactivity with
aldehydes results in decomposition. For the larger Cp*
derivative, benzophenone is too bulky to react, but analogous
coupling chemistry is possible with benzaldehyde. In the latter
case, an unusual electronic structure for [MesPDIMe]− is noted
and formulated based on the metrical parameters.
The findings presented here highlight the ability of the
pyridine(diimine) ligand to exist in multiple oxidation states,
which in turn maintains the +4 valency of the uranium center.
The trianionic ligands serve as electron sources to reduce C−O
bonds and are oxidized over the course of the reactions. The
redox-active MesPDIMe ligand facilitates multielectron chemistry
at uranium, while investigating the effect of steric variation of
the cyclopentadienyl ligand in the coordination sphere.
Additionally, changing the electron donation ability of the
cyclopentadienyl substituent dictates the electronic structure of
the pyridine(diimine) ligand in the products. Ongoing studies
are currently focused on the reactivity of this family of reduced
uranium(IV) compounds for small molecule activation.
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